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Referat
Semiflexible Polymere erfüllen als Hauptbausteine intrazellulärer Gerüste und extrazel-
lulärer Matrizen eine zentrale Rolle in biologischen Systemen. In der vorgelegten Ar-
beit wird der Einfluss kollektiver Effekte auf die physikalischen Eigenschaften semi-
flexibler Polymerstrukturen untersucht. Mikrorheologische Messungen sowohl an ver-
wickelten als auch an quervernetzten Aktinfilamentnetzweken enthüllen, dass Aktingele
drastisch durch die Belichtung fluoreszierender Kügelchen mit der entsprechenden Anre-
gungswellenlänge erweicht werden. Dies beeinflusst die Resultate bei der Untersuchung
von Aktinnetzwerken mit Mikrorheologie und kann zu großen Unterschieden zwischen
mikro- und makrorheologischen Messungen führen. Messungen an mehrfaserigen Aktin-
bündlen mit Hilfe optischer Pinzetten enthüllen kontraktile Kräfte mit einem harmonis-
chen Potential beim Auseinanderziehen und Kontrahieren der Bündel. Die beobachteten
Dynamiken werden durch ein analytisches Modell als emergentes, kollektives Phänomen
erklärt welches durch additive, paarweise Interaktionen der Filamente im Bündel verur-
sacht wird. Auf der Netzwerkebene wird gezeigt, dass Kompositnetzwerke aus rekon-
stituierten Aktin- und Vimentinproteinen als Superposition zweier nichtinteragieren-
der Gerüste beschrieben werden können. Hierbei entstehende Effekte werden durch
die Verbindung von Einzelfilamentdynamiken mit makrorheologischen Netzwerkeigen-
schaften dargestellt und innerhalb eines inelasitschen Glassy Wormlike Chain Modells
erfasst. Dies bereitet den Weg um die mechanischen Eigenschaften des Zytoskeletts
auf der Basis der Eigenschaften der Einzelkomponenten vorherzusagen. Weitere Unter-
suchungen an Netzwerken bestehend aus Aktinfilamenten, Intermediärfilamenten und
synthetischen DNS Nanoröhren zeigen, dass Mengeneigenschaften durch diverse Interfil-
amentinterkationen beeinflusst werden. Es wird vorgeschlagen, dass diese Interaktionen
in einen einzelnen Parameter im Rahmen des Glassy Wormlike Chain Modells zusam-
mengefasst werden können. Die Interpretation dieses Parameters als polymerspezifische
"Stickiness" ist sowohl für makrorheologische Beobachtungen als auch im Reptationsver-
halten konsistent. Diese Erkenntnisse zeigen, dass Stickiness im Allgemeinen nicht in
semiflexiblen Polymermodellen ignoriert werden sollte.
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Abstract
Semiflexible polymers play a central role in biological systems as major building blocks
of intracellular scaffolds and extracellular matrices. The presented thesis investigates the
influence of collective effects on the physical properties of semiflexible polymer struc-
tures. Microrheological measurements on both entangled and cross-linked actin filament
networks reveal that illumination of fluorescent beads with their appropriate excitation
wavelength leads to a drastic softening of actin gels. This impairs results when studying
the microrheology of actin networks and can cause large discrepancies between micro-
and macro-rheological measurements. Optical tweezers measurements on multifilament
actin bundles reveal contractile forces with a harmonic potential upon bundle exten-
sion and contraction. The observed dynamics are explained as an emergent, collective
phenomenon stemming from the additive, pairwise interactions of filaments within a
bundle through an analytical model. On the network level, it is shown that composite
networks reconstituted from actin and vimentin can be described by a superposition
of two non-interacting scaffolds. Arising effects are demonstrated in a scale-spanning
frame connecting single filament dynamics to macro-rheological network properties and
are captured within an inelastic glassy wormlike chain model. This paves the way to
predict the mechanics of the cytoskeleton based on the properties of its single structural
components. Further investigations on networks assembled from filamentous actin, in-
termediate filaments and synthetic DNA nanotubes show bulk properties are affected by
various inter-filament interactions. It is proposed that these interactions can be merged
into a single parameter in the frame of the glassy wormlike chain model. The interpre-
tation of this parameter as a polymer specific stickiness is consistent with observations
from macro-rheological measurements and reptation behavior. These findings demon-
strate that stickiness should generally not be ignored in semiflexible polymer models.
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1 Introduction
Semiflexible polymers are an astonishing form of soft matter. The defining feature
of these structures is a persistence length that is comparable to the contour length
of the polymer. A finite persistence length means that semiflexible polymers posses
a certain bending stiffness to resist against deformation. In solution, however, this
bending stiffness is not large enough to prevent pronounced thermal fluctuations. Thus,
semiflexible polymers hold a place in between the well-established theoretical frameworks
for linear flexible polymers and rigid rods [Doi and Edwards, 1988] because the physics
of semiflexible polymers requires both entropic and mechanic contributions.
The important role of semiflexible polymers in the field of soft matter physics results
not only from their unique physical properties, but especially from their relevance for
biological systems. A variety of semiflexible biopolymers form central structures both
within and on the outside of living cells. Within eukaryotic cells, biopolymers constitute
major building blocks of the intracellular scaffold called cytoskeleton. The cytoskeleton
provides mechanical stability for cells, but enables several active cellular processes such
as cell movement, cell division and cell signaling as well. Three of the most important
cytoskeletal biopolymers are microtubules (MT), filamentous actin (F-actin) and inter-
mediate filaments (IF), whereas the last two can be considered semiflexible [Huber et al.,
2013,Herrmann et al., 2007]. Together, these biopolymers define the shape and stiffness
of cells while leaving enough space for organelles and intracellular transport.
Within living tissue, cells are not surrounded by vacuum or simple liquids, but by the
extracellular matrix (ECM). The ECM is an important reservoir for water and cytokins,
provides mechanical stability, and plays a central role in wound healing and signal trans-
duction in tissues. One of the main components of the ECM is the semiflexible polymer
collagen. It contributes significantly to the tissue stiffness while leaving space for cellular
movement within the ECM.
Within the cytoskeleton, semiflexible biopolymers fulfill their function rarely as single
filaments but rather in the form of networks, bundles and bundle networks. The ECM
1
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is also formed by a network of collagen bundles called fibrils. These complex structures
feature special viscoelastic properties that cannot be easily deduced from their flexible
or rigid counterparts [P. Broedersz and C. MacKintosh, 2014]. The physical description
of the cytoskeleton is further hindered by the presence of a multitude of active (molec-
ular motors) and passive (cross linker) polymer binding proteins that affect viscoelastic
properties on various length and time scales.
In order to achieve an understanding of the physical properties of cells, one has to
understand the physical properties of the cytoskeleton and its components. There are
two main biophysical approaches to reach this goal that complement each other. The
first is the so called top-down approach [Huber et al., 2013]. Here, single components
of living cells are modified or removed either genetically or by specific drugs. From the
changes in the physical properties of the altered cells in comparison to the wild type,
one can draw conclusions about the function of the native cytoskeletal components.
The disadvantage of this approach is that living cells are very good in compensating the
loss of certain proteins by over-expressing other proteins. Thus, the different physical
properties are rarely the consequence of a single altered cytoskeletal component, but are
rather the result of a number of interactions and feedback within the cytoskeleton.
This is where the second biophysical approach, the so-called bottom-up approach,
comes into play. Here, cytoskeletal components are investigated individually in in vitro
experiments. The bottom-up approach enables a precise control of experimental bound-
ary conditions such as temperature, pH-value, and salt concentrations. Thanks to this,
the physical properties of single semiflexible biopolymers are mostly well understood [Käs
et al., 1996b,Gittes et al., 1993, Isambert et al., 1995,Mücke et al., 2004,Kreplak et al.,
2005,Kurniawan et al., 2016,Block et al., 2017]. From the single filament level, the com-
plexity can be increased to the bundle and network level. Polymer binding proteins can
be introduced in a well defined manner and different polymers can be mixed with each
other. The disadvantage of this approach is that the lack of complexity can impede the
comparison to actual cellular systems, which reduces the potential of directly applying
the obtained results to living biological systems. The main advantage of the bottom-up
approach is that the experimental systems are simple enough to develop, apply, and test
fundamental polymer physics theories.
There are already very sophisticated bottom-up approaches in order to mimic cellular
structures. Recent examples include cell-sized liposomes with attached actin filaments
and molecular motors to reproduce shape changes via cortical tension [Carvalho et al.,
2
2013], and active nematic films of microtubules and molecular motors inside shape-
changing lipid vesicles to investigate non-equilibrium dynamics of active matter [Keber
et al., 2014]. Other studies successfully compare computer simulations and in vitro
experiments to understand the role of connectivity during the motor-driven contraction
of actin gels [Alvarado et al., 2013]. A common theme is the application of molecular
motors to generate non-equilibrium systems like in living cells. However, sometimes
it makes sense to question if ATP-driven molecular motors are necessary for observed
features like pattern formation due to active self-organization.
The formation of aster-like structures in F-actin and MT networks, for instance, has
originally been attributed to the presence of molecular motors [Smith et al., 2007,Ndlec
et al., 1997]. Later experiments by Huber et al. revealed that these structures can
also be formed in F-actin networks in the presence of passive attractive interactions
like counter-ions [Huber et al., 2012] and depletion forces [Huber et al., 2015]. This
illustrates that particular network architectures cannot be sufficiently determined by
particular biochemical compositions. Here, the supposedly simpler experiment leads to
a far more complex picture of the underlying mechanisms. Network formation dynamics
and potential perturbations play an important role in addition to the well-known key
parameters filament and cross-linker density [Huber et al., 2015].
This example highlights that sometimes it makes sense to take a step backwards and
decrease the complexity of in vitro experiments in order to reach a better understanding
of fundamental physical laws. With this approach one can find a surprisingly big amount
of unanswered questions concerning the physics of of semiflexible polymers. Microrheol-
ogy, a technique based on observing the thermal motion of tracer particles embedded in
the material in order to deduce its mechanical properties, can lead to drastically differ-
ent results in comparison to macroscopic shear rheology, although both methods should
measure the same quantities [Gardel et al., 2003a, Leitner et al., 2012,Pawelzyk et al.,
2013]. Polymer bundles show collective effects that cannot be easily deduced from the
properties of single filaments or filament pairs [Heussinger et al., 2007, Strehle et al.,
2011]. Composite networks of different biopolymers show emergent effects that cannot
be explained by the properties of the underlying substructures [Esue et al., 2006,Jensen
et al., 2014]. Even pure networks of only one type of semiflexible polymers are still not
completely understood. There are established models used to describe these systems for
decades [MacKintosh et al., 1995, Isambert and Maggs, 1996,Morse, 1998b]. However,
central predictions of these model have never been tested experimentally or there are
3
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studies that seem to contradict the basic assumptions of established theories [Kroy and
Glaser, 2007,Schuldt et al., 2016,Tassieri, 2017].
Among these topics, some of these questions that are examined in this thesis are:
• Is a reduction of a real semiflexible polymer to a filament with a certain persistence
length sufficient for describing semiflexible polymers on a network level?
• Can the persistence length explain the different roles of semiflexible polymers in
cells?
• What can we learn from relatively simple in vitro experiments about the mecha-
nisms in living cells?
These questions should demonstrate that the physics of semiflexible polymers is not
only interesting from a purely mechanic point of view. Starting from relatively basic
systems, one can then increase the complexity again to see if the basic explanations
are still valid or if there are arising emergent effects that require more sophisticated
explanations.
4
2 Background
2.1 Models for Semiflexible Polymers
2.1.1 Filaments and Bundles
Worm-like Chain
A simplified concept of a polymer is the freely-jointed or Gaussian chain [Doi and Ed-
wards, 1988]. The chain consists of N straight segments, with a uniform segment length
l and a random orientation in the joints. Extending the chain to a continuous curve
accompanied by l→ 0 and introducing a certain correlation between the segments leads
to the minimal model for a semiflexible polymer: the worm-like chain (WLC) [Saitô
et al., 1967,Kroy and Frey, 1996].
Here, a full polymer can be represented by a differentiable space curve ~Rs with the
arc length s (Fig. 2.1). The statistical properties are then determined by the effective
free energy
H = κ2
∫ L
0
ds
∂2 ~Rs
∂s2
2 , (2.1)
with the bending modulus κ and the contour length L.
The main quantity used for describing the stiffness of semiflexible polymers is the
persistence length lp. It is defined as the correlation length of the tangent vectors
~ts = ∂ ~Rs/∂s along a filament. With the tangent vector ~t0 at position 0 and the tangent
vector ~ts at an arc length s the correlation function of both vectors decays exponentially:
〈
~t0 · ~ts
〉
= e−|s|/lp . (2.2)
A polymer is considered semiflexible if lp ∼= L. The bending modulus is related to the
5
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Figure 2.1: Sketch of a WLC. The space curve ~Rs is parametrized with the arc length s ∈ [0, L]
and contour length L. ~R(s′) is the vector from start to the position at an arc length s′ and
~R(L) is the end-to-end vector. ~t(s′) = ∂ ~R(s′)/∂s is the tangent vector at the arc length s′.
persistence length via the thermal energy:
κ = kBT lp. (2.3)
κ is the actual material property while lp depends on the temperature and decreases for
larger T .
An alternative definition can be derived by expressing the shape R(s) as a superposi-
tion of large number of Fourier modes [Gittes et al., 1993]:
R(s) =
√
2
L
∞∑
n=0
ancos
(
npis
L
)
, (2.4)
with the mode number n and the mode amplitude an. This expansion can be written
with a sine or a mixed sine and cosine depending on the boundary conditions as well.
The bending energy is then the quadratic sum of the coefficients:
H = κ2
∞∑
n=0
(
npi
L
)2 (
an − a0n
)2
. (2.5)
a0n is the amplitude in the absence of applied thermal forces. The equipartition theorem
states that quadratic term in Eq. 2.5 contributes an average 1/2kBT to the energy in
equilibrium (Q Reif 1965). Using Eq. 2.3 we get for n ≥ 1:
var(an) =
〈(
an − a2n
〉)
= 1
lp
(
L
npi
)2
. (2.6)
Thus, the persistence length can be estimated independently from the variation of the
6
2.1 Models for Semiflexible Polymers
mode amplitudes as well.
Few statistical properties of the WLC can be extracted analytically. The most promi-
nent is the mean square end-to-end distance
〈
~R2L
〉
=
〈
~RL · ~RL
〉
=
∫ L
0
ds
∫ L
0
〈
~ts · ~ts′
〉
ds′
= 2lpL
[
1− lp
L
(
1− e−L/lp
)] (2.7)
In the limit of a very flexible chain with L  lp, the mean square end-to-end distance
can be simplified to 〈
~R2L
〉
flexible
≈ 2Llp. (2.8)
This is the same result as for a freely-jointed chain and effectively describes a random
walk with step length 2lp [Doi and Edwards, 1988]. For a very stiff chain with lp  L,
eq. 2.7 can be expanded to obtain the rod-like limit [Doi and Edwards, 1988]
〈
~R2L
〉
rod-like
≈ L2 − 13
L3
lp
. (2.9)
The defining feature of semiflexible polymers is that they exist in between these two
limits and neither the bending modulus nor the entropic fluctuations can be neglected
for describing the behavior. The WLC has been demonstrated to very well describe the
mechanical properties of semiflexible biopolymers like F-actin [Käs et al., 1996b] and
vimentin [Nöding and Köster, 2012].
Worm-like Bundle
The next level of structural complexity are bundles of polymers. Naively, one could
expect that bundles behave like a WLC with a larger persistence length. However,
bundle properties cannot be trivially reproduced from the WLC, leading to a refinement
into the worm-like bundle model (WLB) [Heussinger et al., 2007].
In the WLB, N filaments are bundled together via discrete and irreversible cross-links
with a mean axial spacing δ (see Fig. 2.2). The cross-links are modeled to be inextensible
with a fixed distance to each other b and a shear stiffness kx. The Hamiltonian consists
7
2 Background
Figure 2.2: Sketch of a WLB. Deformation of a bundle leads to bending and stretching
of the filaments (red) and shearing of the cross-linkers (blue). The fully coupled stated is
determined by a coupling parameter α → ∞ where cross-linkers resist shear. The decoupled
state is determined by α → 0 where cross-linkers can be deformed by shearing. Adapted
from [Schnauß et al., 2016b].
of three contributions
HWLB = Hbend +Hstretch +Hshear. (2.10)
The first term Hbend corresponds to the standard Hamiltonian of the WLC. The second
termHstretch accounts for the stretching of filaments. This is necessary because bending a
bundle stretches the filaments on the outside while only filaments in the center remain at
a constant length. The third term Hshear results from a coupling of neighboring filaments
due to cross-linking that suppresses relative sliding motion of neighboring filaments.
The bending stiffness of the bundle κb depends on the interplay of the individual
filament stiffness and the relative sliding motions of filaments within the bundle. It is
sensitive to both the probed time and length scales. The relative stiffness of the of the
stretching and shearing modes can be described with the help of a coupling parameter:
α = kxL
2
κδ2
(2.11)
This coupling parameter α allows to identify two limiting cases for κb in respect to
the cross-linker properties. For a fully coupled bundle, α → ∞ and the cross-linkers
are resistant to shear. Here, the bending stiffness of the bundle scales as κb ∝ N2.
8
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In a decoupled bundle, α → 0 meaning that cross-linkers are not resistant to shear,
filaments can bend independently of each other and κb ∝ N . Real bundles are typically
in an intermediate state where the scaling is in between these two regimes [Schnauß
et al., 2016b]. Further considerations on collective effects in multi-filament bundles are
presented in section 3.2.
2.1.2 Networks
The physical description of single polymers is relatively straight-forward as demonstrated
by the WLC and some features can be calculated analytically. For a network, the descrip-
tion of the physical properties is disproportionately complicated due to the underlying
nature of a complex many-body problem. Thus, network models have to coarse-grain
this many-body problem to a few lengths scales and relaxation times.
A crucial point are the interactions of the filaments in the network with each other.
This section presents the main features and assumptions of three semiflexible polymer
network models with fundamentally different approaches. The affine model describes
chemically cross-linked networks. The tube model describes entangled networks with
only steric interactions and hydrodynamic friction. The glassy worm-like chain model
describes sticky interactions that are somewhat in between these two extremes.
Thereby, the examination of these models is focused on their predictions of the shear
modulus G. The shear modulus is defined as the ratio of stress σ over strain γ, i.e.
G = σ/γ. For viscoelastic materials, this quantity is a complex frequency dependent
shear modulus
G∗(ω) = G′(ω) + iG′′(ω), (2.12)
where ω is the frequency, G′(ω) is the elastic/storage modulus and G′′(ω) is the vis-
cous/loss modulus. G′ and G′′ are the central qunatities used in this thesis to charac-
terize the physcial poroperties of semiflexible polymer networks.
Affine Model
The affine model was formulated by MacKintosh et al. in order to describe the plateau
regime of the shear modulus of F-actin solutions [MacKintosh et al., 1995]. It is based
on the observation that semiflexible polymers in a network are not able to form loops
and knots on the scale of ξ < lp. The mesh size ξ is defined via the network density
9
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ρ = cLu, for c filaments with a contour length per unit volume Lu:
ξ ≡ ρ−1/2. (2.13)
A central quantity for coarse-graining the network is the distance between two en-
tanglement points Le. This length can be deduced from simple scaling arguments as
:
Le ∝ l1/5p ξ4/5. (2.14)
Thus, the network is considered as an ensemble of chain segments of length Le. Upon
deformation, the model assumes an affine deformation of these chain segments. The
elastic response results from the tension of stretching a semiflexible chain segment. The
energy depends on the bending of the chain and the work of contracting against the
applied tension.
For small deformations, the applied tension and the extension of the chain segment
have a simple linear relationship. Here, the restoring force for small deformations δL of
the initial length L scales as
τ ∝ kBT
l2p
L4
δL. (2.15)
In the network, the relative extension δL of a chain segment is proportional to the strain:
δL ∝ γLe. (2.16)
The resulting stress in the linear regime is essentially the consequence of "pulling out"
the thermal undulations of the chain. A non-linear transition is reached when there is
no more excess chain length, so the chain is fully stretched and cannot be pulled out
further. Before this transition, the stress is given by the tension of each chain times the
number of chains per unit area 1/ξ2. Thus, the elastic shear modulus scales as
G′ ∝ kBT
l2p
ξ2L3e
. (2.17)
Although the affine model was proposed for entangled F-actin solutions, later inves-
tigations revealed that it rather describes cross-linked semiflexible polymer networks
[Gardel et al., 2004, Tharmann et al., 2007, Lin et al., 2010b]. Here, Le in Eq. 2.17
is substituted with the distance between cross-linked points Lc, which depends on the
10
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Figure 2.3: Sketch of the tube model highlighting the most important length scales. The mesh
size ξ is the average distance of two adjacent filaments and represents a direct measure of the
network density. The tube width D is the diameter of the tube that denotes the space probed
by the test filament due to the confinement of the surrounding network. The entanglement
length Le is the average contour length between two collisions of the filament with the tube
wall and represents the distance between two entanglement points of the test filament with its
surrounding. Adapted from [Golde et al., 2018b].
molar ratio of monomers to cross-linking proteins. The minimal values of Lc is set by
Le and a linear scaling of the form Lc ∝ Le is assumed. Thus, the concentration scaling
of G′ ∝ c11/5 is identical to the original affine model by MacKintosh et al. and it was
verified experimentally for various cross-linked semiflexible polymer networks [Gardel
et al., 2004,Tharmann et al., 2007,Lin et al., 2010b].
Tube Model
In contrast to the affine model, the tube model was developed in order to describe the
full frequency spectrum of the shear modulus of semiflexible polymer networks. The
underlying concept of the tube model is based on the reptation of polymers by de
Gennes [de Gennes, 1971] and was later extended by Doi and Edwards to flexible chains
and rigid rods [Doi and Edwards, 1988]. The entropic motion of a polymer in a network
is geometrically confined due to an entanglement with the surrounding network. The
space that can be penetrated by the rod in a certain time appears as as tube-like region.
This tube is the basis for coarse-graining the many body problem of a polymer network
to a test filament with some characteristic length scales. An illustration of the concept
is presented in figure 2.3.
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The following examination is focused on a "tightly-entangled regime", which means
that there exists a correlation length Le that is the average contour length between two
entanglement points, i.e. collisions of the polymer with the walls of the tube. The scaling
of Le with ξ and lp is identical to Eq. 2.14. The entanglement length is related to the
diameter of the tube De, called tube width, via
Le ∝ D2/3e L1/3p . (2.18)
The assumption of the tightly-entangled regime is fulfilled for ξ  lp and De  lp.
Simple scaling argument then yield for the tube width
De ∝ l−1/5p ξ6/5. (2.19)
A central consequence of the tube picture is that only undulation modes of wavelength
less than Le can fluctuate freely. This controls the high-frequency response of the model.
The relaxation time of the largest mode with wavelength λ = Le is the entanglement
time τe ∝ L4el−p 1. All smaller modes relax faster. The dominant mode of motion that
allows a chain to leave the confinement of the tube is diffusion along its contour called
reptation. The time required to reptate a distance L is the reptation time τrep ∝ L3.
The network properties of semiflexible polymers can then be deduced analogous to
the Doi-Edwards model [Doi and Edwards, 1988] by assuming that (i) each polymer is
confined to a weakly-curved tube, (ii) tangential motion of the polymer relative to the
tube is resisted only by viscous forces, and (iii) the tube deforms affinely [Morse, 1998c].
This concept was used to obtain the macroscopic modulus of a semiflexible polymer
network by Isambert and Maggs [Isambert and Maggs, 1996] and more comprehensively
refined by Morse [Morse, 1998a,Morse, 1998b].
There are three main contributions to the stress of a solution of worm-like chains. The
curvature stress arises from deviations of the curve of the tube to the local equilibrium.
The orientational stress arises from the orientational entropy of the chain ends. The
tension stress arises from stretching the chains.
The full spectrum of the complex shear modulus for a polymer with network param-
eters comparable to F-actin is presented in Figure 2.4. Both the orientational and the
curvature stress can only decay via reptation, but Gorient  Gcurve. Gorient only domi-
nates for small frequencies in the case of rodlike chains with lp  L. For semiflexible
12
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Figure 2.4: Complex shear modulus in the tube model. The elastic modulus G′(ω) (solid
line) and viscous modulus G′′(ω) (dashed line) are calculated for a monodisperse solution with
model parameters corresponding to a F-actin solution at 1 mg/ml. The straight solid line
indicates the scaling ∝ ω3/4. Figure adapted from [Morse, 1998b]
polymers, the shear modulus drops due to relaxation by reptation for smaller frequencies
below τ−1rep.
The intermediate frequency regime is dominated by Gcurve, which leads to a broad
frequency independent plateau. This plateau scales as:
G′curve ∝
kBT
ξ2Le
. (2.20)
The tension stress can decay by diffusion of excess length along the tube. For higher
frequencies above τ−1e the shear modulus is dominated by Gtens and increases with a
power law ∝ ω3/4 for ω  τ−1e . Gtens can be approximated for large frequencies ω  τ−1e
as:
G′curve(ω) ∝
(kBT )1/4 l5/4p
ξ2
ω3/4. (2.21)
The contribution from the curvature of the tube leads to a concentration scaling of
the plateau with G′ ∝ c7/5. This scaling was verified experimentally for F-actin solutions
without cross-linking proteins [Hinner et al., 1998].
There are later modifications of the tube model in order to account for a dynamic
background. The binary collision approximation and the effective medium approxi-
mation by Morse lead to a slightly different scaling of the corresponding length scales
without changing the qualitative behavior [Morse, 2001]. However, the changes in the
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dependence of the monomer concentration are to small to be verified experimentally.
Computer simulations by Hinsch et al. enabled the determination of the prefactors in
Eq. 2.19 [Hinsch et al., 2007]. This leads to
De ≈ 0.31ξ
6/5
l
1/5
p
+ 0.56ξ
2
L
. (2.22)
The second term accounts for the fact that longer filaments are more confined by the
surrounding networks. Moreover, this equations allows to directly relate the tube width
De and the mesh size ξ to each other.
Glassy wormlike chain model
The glassy worm-like chain model (GWLC) is an extension of the WLC to describe the
time-dependent rheological properties of semiflexible polymer networks. It was moti-
vated by the observation that the micro-rheological modulus of cells behaves like a weak
power law with two distinct regimes [Fabry et al., 2001,Deng et al., 2006,Hoffman et al.,
2006]. Here, the complex shear modulus can be written as
G∗(ω) = A(iω)α +B(iω)β, (2.23)
where A and B are simple prefactors that can be fitted freely. The power law exponents
α and β were later demonstrated to vary among cell types and drug treatments [Rigato
et al., 2017].
While Eq. 2.23 was used to fit experimental data, it does not explain underlying
physical principles. Nevertheless, power-law rheology does imply a broad distribution
of characteristic times for stress relaxation in a material [Hoffman et al., 2006]. The
observed weak power law exponents in the low frequency regime are reminiscent of glassy
systems where relaxation processes are slowed down due to various interactions [Deng
et al., 2006]. This is in stark contrast to the plateau regime described by the tube and the
affine model, where the time scale of stress relaxation has no distribution. Experiments
on highly-purified F-actin solutions revealed indeed signatures of a glass transition that
appears as a stretching of the relaxation spectrum [Semmrich et al., 2007]. Thus, a
different model was necessary to explain the weak power law in the supposedly flat
plateau regime.
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The inelastic GWLC was formulated by Kroy and Glaser [Kroy and Glaser, 2007].
The basic idea is an exponential stretching of the Eigenmodes of a WLC. The relaxation
time of the n-th mode of a WLC with (half-) wavelength λn = L/n and contour length
L is
τWLCn =
ζ⊥
κpi4/λ4n + fpi2/λ2n
, (2.24)
with the transverse drag coefficient ζ⊥, the bending rigidity κ = lpkBT and a homogenous
backbone tension accounting for existing pre-stress f . All Eigenmodes with a wavelength
longer than a characteristic interaction length are stretched according to:
τGWLCn =
τ
WLC
n if λn ≤ Λ
τWLCn eεNn if λn > Λ.
(2.25)
Here, Nn = λn/Λ− 1 is the number of interactions of the n-th mode and set to 0 for all
modes shorter than Λ.  is the stretching parameter that controls how strong the modes
are slowed down.
The physical picture of this constituting idea is a test polymer that diffuses in a rough
free energy landscape created by the surrounding polymers and is illustrated in figure 2.5.
The interactions between polymers correspond to the wells of this landscape separated
by energy barriers of typical height . The interaction length Λ is the typical distance
between two sticky interaction points. It is therefore similar to the entanglement length
Le of the tube model without allowing a direct identification of both.
For the frequency dependent complex shear modulus G∗(ω) we have to consider the
linear response function of the GWLC to a point force at its ends:
χ(ω) = L
4
pi4l2pkBT
∞∑
n=1
1
(n4 + n2f/fE) (1 + iωτGWLCn /2)
, (2.26)
with the Euler buckling force fE = κpi2/L2. The macroscopic shear modulus can be
obtained by relating the backbone tension to the macroscopic stress σ = f/5ξ2 as in
[Gittes and MacKintosh, 1998]:
G∗(ω) = Λ5ξ2χ(ω) . (2.27)
Further discussions of the GWLC and its application to experimental data are pre-
15
2 Background
Figure 2.5: Cartoon of the physical picture of the GWLC. The test polymer (red) is trapped
by an effective interaction represented via the potential wells at sticky entanglement points.
The entanglement length Le is the average contour length between entanglement points. The
test polymer can bind and unbind at the entanglement points by overcoming an energy barrier
of characteristic height . The interaction length Λ is the average contour length between
closed bonds. Taken from [Wolff et al., 2010].
sented in section 3.3 and 3.4.
2.2 Actin
Among the cytoskeletal biopolymers, F-actin has been used as the main model system
for semiflexible polymers for decades [Käs et al., 1996b,Schnurr et al., 1997,Huber et al.,
2013]. Within the cell, actin forms the most dynamic part of the cytoskeleton with a
large variety of actin binding and motor proteins. A controlled polymerization and
depolymerization of F-actin enables highly active processes such as cell movement and
cell division. F-actin networks are usually located in the periphery of the cell where
they form the actin cortex or a quasi two-dimensional lamellipodium. In cooperation
with myosin motors, F-actin is also employed in stress fibers, which are large bundle
structures that can reach along the whole cell body and into filopodia on the edge.
The basic building block of actin filaments is an approximately spherical molecule with
a molecular weight of 42 kDa. This globular actin (G-actin) consists of two halves divided
by a central cleft and either an adenosine triphosphate (ATP) or adenosine diphosphate
(ADP) complex with a divalent ion adhere in this cleft. The molecular structure of
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Figure 2.6: Structure of IF and Actin. The upper part illustrates the molecular structure
of an IF tetramer on the example of vimentin and features the antiparallel, half staggered
alignment of two coiled-coil dimers. The lower part illustrates a 14-subunit-long actin filament
segment, which demonstrates much shorter monomers in comparison to IF. 13 subunits are
shown in a polar helical packing with six left-handed turns. Adapted from [Herrmann and
Aebi, 2016] based on [Chernyatina et al., 2012] and [Dominguez and Holmes, 2011]
G-actin leads to a functional polarity of the protein. During the F-actin assembly via
polymerization of G-actin, actin monomers are typically added on the barbed end while
dissociation happens typically at the pointed end (see Fig. 2.6) [Howard, 2001]. The
monomer concentration for each end, above which G-actin is in average added to the
polymer end, is the called the critical monomer concentration ccrit. As long as there are
enough free monomers, actin filaments polymerize in vitro on both ends with an assembly
speed of a few nm/(µM s) [Kuhn and Pollard, 2005]. If the monomer concentration drops
below ccrit on the pointed end, G-actin is in average dissociated from that side. This leads
to a steady state called "treadmilling", where actin monomers are added and dissociated
but the overall filament length stays constant.
Actin filaments have a diameter of about 7 nm and a right-handed double helix struc-
ture that repeats about every 72 nm [Holmes et al., 1990]. The contour length can reach
values up to tens of micrometers and the persistence length is around 9µm [Isambert
et al., 1995]. Fluorescently labeled actin filaments are often stabilized by phalloidin,
which increases the persistence length to approximately 17µm [Gittes et al., 1993].
F-actin networks in the semidilute regime are very well characterized. Here, semidilute
refers to the filament density. In this regime, actin filaments are isotropically distributed
and filament movements are confined by other filaments that cross and entangle each
other. One can further distinguish between cross-linked networks with permanent con-
nection points and entangled networks without any specific cross-linkers. The scaling
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of the linear network stiffness of entangled F-actin networks with protein concentration
fits to the prediction of the tube model for semiflexible polymers [Isambert and Maggs,
1996], [Käs et al., 1996a] (see section 2.1.2). Thereby, the confinement of a single fil-
ament within the network to a tube like region has been visualized in experiments, as
well [Käs et al., 1994].
Other F-actin network features are not captured by the basic tube model. Network
properties, for example, can be dramatically altered by small variations in temperature,
salt concentration and polymer length [Semmrich et al., 2007]. Furthermore, there is
a strong batch-to-batch variation leading to a poor reproducibility of the simple elas-
tic plateau modulus G0 [Morse, 1998b, Xu et al., 1998]. This is mainly attributed to
impurities and different storing conditions demonstrating the required complexity of a
quantitative network model.
In living cells, F-actin networks are rarely in a purely entangled state but are rather
modified by numerous actin binding proteins (ABP). One class of ABP that have also
been investigated extensively in vitro are rigid cross-linkers. Here, the mechanical re-
sponse of F-actin networks is strongly influenced by changes in cross-linker density
[Gardel et al., 2004]. A popular theoretical description of permanently cross-linked semi-
flexible polymer networks is the affine deformation model [MacKintosh et al., 1995](see
section 2.1.2). This approach focuses on chain segments between two cross-linking points.
In reality, however, the network architecture is highly dependent on the specific cross-
linking protein and often highly non-isotropic. Cross-linkers like scruin [Gardel et al.,
2004] and inactive heavy meromyosin [Tharmann et al., 2007] lead to rather homoge-
nous networks that are well described by the affine model. In contrast, cross-linkers like
fascin induce the formation of actin bundles leading to a heterogeneous structure [Shin
and Grason, 2010]. The matter is further complicated by the fact, that most ABP are
not completely rigid but feature a large range of force-sensitive binding and unbinding
rates [Huber et al., 2013]. Transient cross-linkers like α-actinin can even lead to a plastic
response upon deformations on longer timescales [Strehle et al., 2011].
2.3 Intermediate Filaments
In contrast to microtubules and actin, intermediate filaments (IF) are not one, but in
fact a whole group of proteins with similar properties. They were first discovered by
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Figure 2.7: IF assembly on the example of vimentin. A ULF are formed by a lateral annealing
of tetramers. Further longitudinal assembly leads to the formation of full-length-filaments. B
Full-length filaments can perform end-to-end annealing as well. C Mature filaments can still
incorporate and release single subunits. Figure taken from [Block et al., 2015].
electron microscopy (EM) in ultrathin sections of myofibers as smooth and relatively
uniform filaments coexisting with actin and myosin filaments [Ishikawa et al., 1968].
The name arises simply from the fact that the apparent diameter of about 10 nm is
"intermediate" between actin (6 nm) and myosin (15 nm) filaments.
All IF proteins share the same structural model with a tripartite organization con-
sisting of a central α-helical rod domain of conserved size flanked by non-α-helical head-
and tail-domains [Herrmann and Aebi, 2016]. These proteins form dimeric coiled coils
that can further associate into a half-staggered anti-parallel tetrameric complex as pre-
sented in figure 2.6. Tetramers constitute the main building block for further assembly
into filaments. The next step of the IF assembly is a lateral annealing of tetramers into
unit length filaments (ULF). Full-length filaments are then formed by a longitudinal
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assembly, which can equally happen on both sides of the ULF due to the non-polar
anti-parallel tetramer structure. The final number of monomers per cross-section varies
significantly for different modes of filament assembly. This can lead to a pronounced
polymorphism where the width changes along full-length filaments and subunits are ex-
changed even after filament maturation [Herrmann and Aebi, 2016]. The full assembly
process is illustrated in figure 2.7.
Another shared feature is the enormous elongation potential of IF. It has been shown
by Kreplak et al. that desmin, keratin K5/K14 and neurofilament IF on a mica surface
can be extended more than 3-fold with an AFM before rupture [Kreplak et al., 2005].
Vimentin filaments have been demonstrated to resist a strain of 3.5 without breaking
[Block et al., 2017]. This feature is one of the main mechanical differences between IF and
other cytoskeletal filaments like F-actin and MT. The underlying molecular mechanisms
of IF elongation are still under investigation. Proposed origins are a α-helix-to-β-sheet
transition of the coiled-coil domain of each dimer, a stretching/unfolding of the flexible
N- and C-terminal domains of the monomers, and axial sliding of the subunits of the
filament relative to each other [Block et al., 2015]. The discovery of the elongation
potential of IF lead to the hypothesis that a predominant role of IF in cells is providing
strength under large deformations functioning effectively as a "safety belt" [Kreplak et al.,
2005].
Many mechanical and molecular details vary for different IF proteins. They are typi-
cally grouped into five different types (I - V) following a comparison of their amino acid
sequences from different cell types and species. This reflects their biological function
and tissue origin, as well [Herrmann and Aebi, 2016]. The persistence length anges be-
tween values of 0.1 µm for desmin to 2.1 µm for vimentin. The line charge at pH 7.5
ranges from −3 e/nm for keratin K8/K18 to −14 e/nm for vimentin. Even the assembly
speed differs by orders of magnitudes with about 0.2 nm/(µM s) for vimentin and about
23 nm/(µM s) for keratin [Block et al., 2015].
2.3.1 Vimentin
The type III IF vimentin is a well-known marker for the epithelial-mesenchymal transi-
tion (EMT) and can be found in all mesenchymal cells. Despite its abundance, investi-
gations on vimentin have only started rather recently to uncover its biophysical role. A
rather surprising finding is that vimentin IF contribute little to cortical stiffness. They
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do, however, play a critical role in intracellular mechanics and enhance the resistance to
cellular deformations especially at large strains [Guo et al., 2013,Mendez et al., 2014].
The persistence length of vimentin IF is about one order of magnitude smaller than F-
actin, with literature values ranging between 1µm and 2.1µm [Mücke et al., 2004,Nöding
and Köster, 2012]. Despite the smaller persistence length compared to F-actin, they can
still be considered as semiflexible polymers. This is in accordance with the finding that
vimentin networks in the presence of divalent cations behave like cross-linked semiflexible
polymer networks [Lin et al., 2010a,Lin et al., 2010b]. Other network features are very
different in comparison to typical semiflexible biopolymers like actin. The linear network
stiffness depends only weakly on the protein concentration [Schopferer et al., 2009]. For
large deformations, vimentin networks can show a pronounced strain stiffening behavior
and resist much larger strains than F-actin before rupture [Janmey et al., 1991, Lin
et al., 2010a,Pawelzyk et al., 2014]. These characteristics are governed by electrostatic
interactions between vimentin filaments. Thus, inter-filament interactions and vimentin
network properties are sensitive to the ionic strength of the buffer solution [Schopferer
et al., 2009,Lin et al., 2010b].
2.3.2 Keratin
Keratins were historically the first IF proteins studied. They are well-known in their
"hard" (or "trichocytic") form as the main structural component of wool, hair, nail and
horn. The name keratin is derived from the Greek word for horn: κρας. In living cells,
keratins appear as "soft" components that are further subdivided into several epidermal
and epithelial keratins. Among IF, keratins have the unique property of being built
from heterodimers of one "acidic" (type I) and one "basic" (type II) keratin protein. The
nomenclature of specific keratins is therefore always a combination of the heterodimer
components e.g. K8/K18 [Herrmann and Aebi, 2016].
From a physics point of view, keratin networks are similar to vimentin [Block et al.,
2015]. They feature a weak concentration dependency at low concentrations [Ma et al.,
1999,Yamada et al., 2003,Pawelzyk et al., 2013], pronounced strain stiffening [Pawelzyk
et al., 2014] and cross-linking by MgCl2 [Leitner et al., 2012]. The main difference is a
strong tendency of keratin networks to form bundles and clusters at higher protein and
MgCl2 concentrations [Leitner et al., 2012, Kayser et al., 2012, Pawelzyk et al., 2013].
One of the main reasons for these characteristics are the inherently strong hydropho-
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bic interactions between keratin filaments. This is exhibited by the observation that
switching of hydrophobic interactions by adding surfactants drastically changes network
properties [Yamada et al., 2003,Pawelzyk et al., 2014].
2.4 DNA Nanotubes
The field of semiflexible polymers is not limited to filaments with a biological function,
but can be extended to artificial polymers as well. A very interesting group of artificial
polymer structures are nanotubes based on the self-assembly of Deoxyribonucleic acid
(DNA). DNA itself is a very flexible polymer and well-known for storing the genetic code
in the cell nucleus [Avery et al., 1944]. Besides its significance for all biological systems,
DNA is essentially a programmable strand of amino acids that can be used as building
blocks for larger structures. In nature, these single strands form the typical DNA double
helix [Watson and Crick, 1953]. The possibilities of forming complex macromolecules
out of DNA single strands are far more versatile than a double helix structure.
One sophisticated design are the double-crossover DNA nanotubes (DX tubes) [Rothe-
mund et al., 2004,Ekani-Nkodo et al., 2004]. Their structure is based on five oligonu-
cleotides forming unit rings that can self-assemble into micrometer long filaments. The
macromolecular structure gives rise to a persistence length of around 4µm. In that
sense, DX tubes are very similar to semiflexible biopolymers in terms of their assembly
and physical properties. Thus, they can be used as a well-defined, reproducible, artificial
model system for semiflexible polymers. More advanced designs, such as n-helix tubes,
enable a controlled tuning of the persistence length, which opens up the experimental
possibilities even further [Yin et al., 2008, Schiffels et al., 2013]. Network structures
made of n-helix tubes were employed to test the influence of the persistence length on
rheological properties [Schuldt et al., 2016]. Here, the discovered linear scaling of the
network stiffness with persistence length can be neither explained by the tube nor by
the affine model.
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3 Results and Discussion
3.1 Fluorescent beads disintegrate actin networks
The content of this chapter has been published in the manuscript "Fluorescent beads
disintegrate actin networks".
DOI: https://doi.org/10.1103/PhysRevE.88.044601
Reprinted with permission from TomGolde, Carsten Schuldt, Jörg Schnauß, Dan Strehle,
Martin Glaser, and Josef Käs, Physical Review E, 88, 044601 (2013). Copyright 2013 by
the American Physical Society.
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Fluorescent beads disintegrate actin networks
Tom Golde,* Carsten Schuldt,* Jo¨rg Schnauß, Dan Strehle, Martin Glaser, and Josef Ka¨s
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We studied the influence of fluorescent polystyrene beads on both entangled and cross-linked actin networks.
Thermal bead fluctuations were observed via video particle tracking and analyzed with one-point microrheology.
Illumination of fluorescent beads with their appropriate excitation wavelength leads to a drastic softening of actin
gels. Other wavelengths and bright field microscopy do not increase thermal bead fluctuations. This effect cannot
be significantly reduced by adding common oxygen scavengers. We conclude that the usage of fluorescent beads
impairs results when studying the microrheology of actin networks.
DOI: 10.1103/PhysRevE.88.044601 PACS number(s): 83.80.Rs, 87.64.kv, 05.40.Jc
I. INTRODUCTION
F-actin networks have been used in many studies as a
model system for semiflexible polymer networks [1–3]. The
viscoelastic properties of such systems can be explored with
classical shear rheology [4]. However, macroscopic rheology
measurements provide little insight into the microscopic ori-
gins of the viscoelastic properties. By embedding micrometer
sized tracer particles the network can be probed on length
scales as small as the mesh size, a technique known as mi-
crorheology. Depending on the agitation of particles, either by
external forces or by intrinsic Brownian motion, this technique
subdivides into active and passive microrheology [5].
In passive microrheology the thermal fluctuations of tracer
particles are used to obtain the complex shear modulus G∗(ω)
of the surrounding material. The actual quantity to be measured
is the mean-squared displacement [MSD; = 〈x2(τ )〉] of the
tracer particles. This microscopic MSD can be used to calculate
the macroscopic G∗(ω) with a generalized Stokes-Einstein
equation [6,7].
Several microrheological methods have been established
over the last two decades to investigate F-actin networks.
Single-particle methods using laser deflections record particle
trajectories with a high spatial and temporal resolution. These
methods are very sensitive to local heterogeneities, which
can lead to drastic variations for different particles [2,7,8].
In contrast, diffusing wave spectroscopy directly measures the
MSD of an ensemble of particles. This ensemble averaged
MSD provides a high statistical significance but yields no
information about individual trajectories [9].
A third main method is video particle tracking, allowing the
measurement of several particle trajectories simultaneously.
They can be used for both calculating the ensemble averaged
MSD and investigating local inhomogeneities. Furthermore,
the extension to a two-point (2P) MSD, measuring the cross-
correlated thermal motion of pairs of particles, has proven to
reproduce the results of macroscopic rheometer measurements
for entangled F-actin networks [10].
There are two basic possibilities for image acquisition
of tracer particles. Fluorescent beads with an epifluorescent
microscope were used in some studies [11–13], whereas
other studies employ polysterene beads imaged with bright
*T. Golde and C. Schuldt contributed equally to this work.
field microscopy [10,14–16]. The contrast between fluorescent
beads and the background is significantly higher under fluores-
cence microscopy compared to bright field microscopy. Thus,
fluorescence microscopy provides a better signal-to-noise ratio
and consequently a higher precision in the tracking algorithm.
In the present work we use particle tracking to calculate
the one-point (1P) MSD. We are able to show that the usage
of fluorescent polystyrene beads leads to a softening of the
surrounding F-actin network. This effect is very drastic in
isotropic, cross-linked actin networks but appears in entangled
actin solutions as well. Therefore, it should always be consid-
ered in microrheological actin experiments with fluorescent
beads. In addition to video particle tracking, it might also
influence other techniques employing embedded fluorescent
particles such as fluorescence recovery after photobleaching
as in [17] or fluorescence correlation spectroscopy as in [18].
II. MATERIALS AND METHODS
A. Sample preparation
G-actin was prepared from rabbit muscle as described
in [19]. Fluorescent polystyrene beads (YG and NYO
FluoresbriteTM, Polysciences) with a carboxylated surface
were mixed with G-actin to a density of approximately
4 × 108 particles/ml.
Heavy meromyosin (HMM; MH01, Cytoskeleton, Inc.) was
added to a final concentration of 1.34 μM to form cross-linked
actin networks (1 mg/ml actin). Actin polymerization was
initiated by the addition of 1/10 volume fraction of 10 times
concentrated F-buffer (10 × FB: 1 M KCl, 10 mM MgCl2,
50 mM HEPES, 2 mM ATP, 10 mM DTT). About 19 μl of
the final solution were deposited into a sample chamber as
described previously [20]. Additionally, the sample chamber
was sealed with nail polish from the outside, preventing
evaporation.
The transition from active to rigor-HMM takes place about
20 min after the equilibration of actin polymerization [21]. We
incubated both the final entangled and cross-linked samples
overnight at 4◦C to obtain gels as isotropic and homogeneous
as possible like in [16].
B. Particle tracking microrheology
We imaged at least 100 beads with an inverted epi-
fluorescence Leica DM IRB microscope equipped with a
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FIG. 1. (Color online) Time dependent MSD of 1 μm NYO beads in 1 mg/ml actin networks. Additionally, the cross-linked sample
contained 1.34 μM HMM. The MSD was calculated for consecutive time courses every 100 s and is plotted against the lag time τ with a
truncation after 10 s. Consecutive time courses are represented by a fade in color. (a) The cross-linked network was observed for 1200 s, and
(b) the entangled network was observed for 1800 s with fluorescent light. (c) The entangled network was observed for 1900 s with bright field
microscopy before and after a 60 s high intensity flash of green and UV lights, respectively.
63× oil-immersion objective (Leica 506180) and a back
illuminated EMCCD camera (Andor, iXon DV887) at
≈34 frames/s. The light of a 100 W mercury vapor lamp
was attenuated by a neutral density filter of 1% transmittance
(ND filter). Several Leica filter cubes were used for a specific
irradiation of fluorescent beads: a GFP cube illuminating
with blue light (Leica 11513890, excitation filter from 450 to
490 nm), appropriate for YG beads, an N2.1 cube transmitting
green light (Leica 11513882, excitation filter from 515 to
560 nm) for NYO beads, and an A4 cube (Leica 11513874,
excitation filter from 340 to 380 nm) for UV light. Bright field
microscopy was performed with the same setup and the built-in
100 W halogen lamp as a light source. Several thousand frames
were captured for a total observation time of up to 30 min at
room temperature.
Initial transformation from images to trajectories was
computed with adapted MATLAB routines provided by Kilfoil
[22], originally written in IDL by Crocker and Grier [23].
Resulting particle trajectories were split into consecutive time
courses, each spanning 100 s. We calculated the 1P MSD
averaged over three fields of view (FOV) for each stack
individually to dissect its dependence on both the lag time
τ and the real observation time t . Shear moduli have been
computed according to [24] for data recorded with bright field
microscopy.
III. RESULTS
A. Fluorescence microscopy
We observed 1.0 μm NYO beads embedded in an HMM
cross-linked F-actin network for 30 min. The microspheres
where illuminated with green light to excite fluorescence. At
the beginning of the observation the fluorescent beads were
confined locally and showed no detectable thermal motion.
During the excitation the beads started to fluctuate until all
visible beads within the FOV showed vigorous thermal motion.
Beads in the direct neighborhood of the FOV remained locally
confined.
Figure 1(a) shows the resulting “observation time depen-
dent” 1P MSD of such a measurement in fading colors. The
MSD increases for all lag times with the observation time. In
the first 300 s the MSD ascends significantly and does not
plateau for high lag times τ > 2 s.
We measured the MSD of entangled actin networks at
the same actin concentration without any cross-linker [cf.
Fig. 1(b)]. In an entangled network beads were not strictly
confined locally in the beginning. We observed an analogous
evolution in time towards higher MSDs compared to HMM
cross-linked MSDs.
Investigating reversibility, we observed some samples again
in the same FOV after a nonilluminated rest period of several
hours. Thermal fluctuations did not decrease during the rest
time.
Probing the sensitivity to wavelength we irradiated the NYO
beads with nonappropriate blue light as well as UV light with
no fluctuation enhancing effect.
Furthermore, several antiphotobleaching agents adsorbing
free oxygen radicals were tested for their ability to degrade
the “light-induced softening.” 1,4-Diazabicyclo[2.2.2]octane
(DABCO) with a maximum concentration of 11 mM (20-fold
as described in [25]), β-mercaptoethanol with a concentration
of 5 μM, and a combination of glucose and glucose oxidase
were used [4]. This entire set of commonly used free oxygen
scavengers did not affect the increasing bead fluctuations
significantly.
In addition to NYO beads, we used 0.5 μm YG beads
excited with appropriate blue light (data not shown). The beads
started to fluctuate more vigorously upon matching fluorescent
irradiation. Accordingly, the MSD did not increase over time
upon green or UV light illumination.
All fluorescent microscopy studies were performed with
the ND filter installed permanently.
B. Bright field microscopy
In order to rate the impact of fluorescence, we imaged the
same fluorescent beads in an entangled network with bright
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field microscopy twice: first, directly after equilibration in
4 ◦C and thermalization and, second, immediately after a high
intensity green light flash. This fluorescent excitation lasted
for 60 s with no attenuating ND filter present. Additionally,
this measurement was performed with UV light.
Figure 1(c) displays the split MSDs before and after
the high intensity light flash. They feature no trend during
the observation time, neither prior to nor after irradiation.
However, within the 1 min green light flash the MSD increased
approximately threefold. Irradiation with UV light did not
increase the MSD significantly.
Permanent bright field imaging of cross-linked networks
did not enhance bead fluctuations at all. The thermal motion
was below the resolution limit, and any measured bead motion
was in fact noise produced by the CCD camera and the tracking
algorithm.
C. Glycerol
Several glycerol-water mixtures with glycerol volume
concentrations from about 80% to 90% containing fluorescent
beads were observed with fluorescence microscopy as a control
solution without actin.
The amplitude of the bead fluctuations was constant during
the whole observation time in all glycerol experiments and did
not respond to any fluorescent excitation.
IV. DISCUSSION
In this work we report a drastic softening of actin gels
studied by microrheology with fluorescent polystyrene beads.
Figure 2 shows a comparison of cross-linked and entangled
networks by plotting the time evolution of the MSD at one
distinct lag time τ = 2 s. Fluctuations within the cross-linked
network increase quickly and reach a plateau after 400 s. The
entangled network observed with fluorescent light starts out
more than one order of magnitude higher, obeys the same
trend, and converges towards a slightly higher plateau value
for long t . We explain this variation by the differences in
the initial states of the networks. At the beginning of the
observation cross-linked networks tightly confine embedded
FIG. 2. (Color online) Time dependent MSD of 1 μm NYO beads
in 1 mg/ml actin networks. The MSD at one distinct lag time τ = 2 s
is displayed for the entire observation time t .
beads, whereas beads in entangled networks undergo minute
but detectable fluctuations. Since both types of networks are
subjected to this transition, we conclude softening of the bead
environment is caused by not only cross-link breaking but also
an actual disintegration of actin filaments.
For long times the MSD(τ = 2 s) of the cross-linked
network reaches values of the entangled network that has not
been irradiated with fluorescent light. At this point both gels,
although profoundly different in network architecture, feature
very similar microrheological properties. Consequently, a
distinction of mechanical properties by MSD derived from
fluorescent observation is rendered infeasible.
Softening is constrained to the illuminated FOV and
remains irreversible for hours. The fluctuations of beads in
simple glycerol-water solutions were not affected by any
fluorescence irradiation. Thus, we can exclude a simple generic
heating of the beads due to irradiation. Together both findings
imply a local structural alteration in actin gels presumably
due to free oxygen radicals generated by fluorescence. This
argumentation is supported by the observation that gels
with NYO beads are only altered by matching green light
illumination, whereas networks with YG beads are altered
only by blue light excitation. Irradiation with nonexciting
wavelengths yielded no visible softening.
The time scale of light-induced softening is intensity
dependent, as indicated by the time course of the entangled
gel fluorescently imaged and shown in Fig. 2. The difference
of both entangled bright field samples was induced by 100
times the intensity for only 1 min. The whole system is not in
thermal equilibrium as long as fluorescent beads are irradiated
with the appropriate excitation light.
For bright field microscopy samples were illuminated with
white light including appropriate excitation wavelengths. In
comparison to fluorescence microscopy, the light intensity is
strongly reduced and can be neglected for the light-induced
softening.
These properties are important for microrheological mea-
surements. A 1 min high intensity flash of fluorescent light
lowered the elastic plateau shear modulus G0(ω = 0.1 rad/s)
of an entangled actin network with a density of 1 mg/ml from
4.2 × 10−2 to 0.97 × 10−2 Pa. The observation time dependent
MSD for this measurement in Fig. 2 suggests a depletion of
actin filaments in a region around every bead. Alternatively,
depletion cages can be formed due to a smaller bead diameter
compared to the persistence length of single filaments. This
has already been described as a possible error source for mi-
crorheological methods [26]. Formation of depletion cages due
to fluorescence has an additional influence on the calculated
shear modulus. Thus, actin networks appear much softer if
they are measured with fluorescent beads.
We visualized the light-induced softening with the 1P MSD.
The 2P MSD was not evaluated but might be influenced by this
effect as well. However, a very local depletion effect should
not change the 2P MSD. In this case, a calculation of the
viscoelastic properties with the 2P MSD would still be feasible
[27]. A definite statement about the impact of the light-induced
softening on results obtained with the 2P MSD requires further
investigation.
The generalized Stokes-Einstein equation assumes a ther-
mal equilibrium of thermal bead fluctuations. Since we found
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a continuously rising 1P MSD in the fluorescent observations,
a systematic error would bias the calculation of the shear
modulus.
Evidence for an actual microscopic origin of the light-
induced softening is to some degree inconsistent. The most
probable explanation is photodamage of actin filaments, more
precisely the breaking of bonds between actin monomers by
free radicals since we see no qualitative difference in entangled
and cross-linked gels. These aggressive molecules can be
formed from dissolved oxygen due to the existence of excited
states during fluorescence. Furthermore, polystyrene itself can
form alkyl and allyl radicals by photochemical reactions under
the action of light with λ < 550 nm at room temperature and
in the presence of oxygen [28]. This hypothesis is mainly sup-
ported by the irreversibility of the effect and the instant increase
of thermal bead fluctuations after a high intensity light flash.
Other experimental results provide arguments against pho-
todamage of actin. Antiphotobleaching agents have been added
in relatively high concentrations to adsorb free radicals. This,
however, did not degrade the light-induced softening.
The formation of free radicals due to irradiation of
polystyrene is much stronger for smaller wavelengths. In
contrast, the instant increase of thermal bead fluctuations
appeared at the appropriate excitation wavelength for the
fluorescent beads and not under UV light. Thus, the fluorescent
dye is most likely a source for free radicals. However, the dye
is supposed to be inside the polystyrene beads and should not
come in contact with the suspension or dissolved oxygen. In
summary photodamage of actin is a plausible explanation for
the light-induced softening.
V. CONCLUSION
We found a striking light-induced softening of actin
gels by widely used fluorescent beads. It exceeds even the
well-studied differences between entangled and cross-linked
networks. For future studies, we highly recommend bright
field imaging for microrheology accepting the lower spatial
resolution. Furthermore, the described mechanism might be
used for an active manipulation of actin networks by triggering
disintegration of actin filaments with fluorescent light.
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Attractive depletion forces between rodlike particles in highly crowded environments have been shown
through recent modeling and experimental approaches to induce different structural and dynamic
signatures depending on relative orientation between rods. For example, it has been demonstrated that
the axial attraction between two parallel rods yields a linear energy potential corresponding to a constant
contractile force of 0.1 pN. Here, we extend pairwise, depletion-induced interactions to a multifilament
level with actin bundles, and find contractile forces up to 3 pN. Forces generated due to bundle relaxation
were not constant, but displayed a harmonic potential and decayed exponentially with a mean decay time of
3.4 s. Through an analytical model, we explain these different fundamental dynamics as an emergent,
collective phenomenon stemming from the additive, pairwise interactions of filaments within a bundle.
DOI: 10.1103/PhysRevLett.116.108102
Interactions of actin and its molecular motor myosin are
known as the fundamental process for biological force
generation. These interactions convert chemical energy into
mechanical work by adenosine triphosphate hydrolysis
[1,2]. However, we show an alternative mechanism of
force generation in the absence of any molecular motors
or actin accessory proteins. The system is not driven by
adenosine triphosphate hydrolysis and relies solely on
minimization of the free energy based on filament-filament
interactions. Interactions are induced by a crowded envi-
ronment in a regime well below the macromolecular
content of biological cells [3].
These so-called depletion forces were originally described
by spherical colloidal particles suspended in a polymeric
solution [4,5]. However, this effect inherently appears in
crowded solutions independent of the geometry of colloidal
particles. Besides lateral particle attraction, the influence
of depletion forces on axially shifted rodlike colloids has
already been described by theoretical approaches [6–8]. All
these approaches describe the relative shift of two rodlike
particles due to the induced interaction. Arising forces are
found to be constant in the axial shift since the energy gain
per unit length is uniform.
Recently, Hilitski et al. experimentally verified these
approaches by investigating the overlap of single micro-
tubule filaments [9]. They found a constant force driving
these two rods towards a maximized overlap of their
excluded volumes. Additionally, force components sum
up in a pairwise manner when introducing a third rod to
the system [9]. Investigations of the axial attraction of two or
three filaments due to depletion forces were performed with
microtubules. Because of their stiffness they are appropriate
to test pairwise interactions. However, microtubules cannot
be easily transferred to a multifilament system. Thus, we
have chosen actin bundles formed by the depletant methyl
cellulose [10–13] and illustrate that the very different
dynamics of a multifilament system is a direct consequence
of the additivity of various filament pairs. In this way, we
extended a pairwise filament system to a multifilament scale
and describe a different, emerging behavior of rodlike
colloids. In contrast to microtubules, actin filaments are
semiflexible underlying strong thermal fluctuations, which
renders investigations of pairwise interactions challenging.
Therefore, the pairwise interactions of microtubules and the
multifilament interactions in actin bundles complement each
other forming a comprehensive picture of axial filament
attraction by depletion forces.
We used a mesoscopic approach allowing us to deflect
bundles from their energetic minimum by pulling forces
exerted by optical tweezers. We investigated kinetics
and restoring forces arising from the relative, axial sliding
of single rodlike filaments within the bundle. Observed
responses did not yield a constant force—in contrast to a
two filament system—but an exponential force decay.
These unexpected, complex dynamics can be explained
by a mathematical model that extends pairwise, linear
interactions to a multifilament scale. Additionally, the
model is verified by simulations. These emergent dynamics
can exert forces corresponding to a regime of weak active
behavior of single myosin motors [14,15].
To probe these contractions, we used two different
experimental approaches. A dual-trap configuration was
used to maneuver one bead while the other bead was held at
a constant position. This pulling process resulted in a
stretched bundle exceeding its former contour length since
overlapping filaments were axially deflected from their
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energetic minimum. After releasing the deflected bead from
the trap, the bundle started to contract [Fig. 1(a)]. This
process was recorded as an image series of the fluorescent
signals (Fig. 1(b), Movie S1 [16] ). A bead tracking
algorithm—computed with adapted MATLAB routines pro-
vided by Pelletier et al. [29]—was used to transform these
image series to trajectories. Following data evaluations
were conducted with self-written MATLAB scripts as
described previously [30]. Alternatively, an arrangement
of only one bead attached to a bundle was employed. By
displacing the bead, the bundle was dragged through the
solution. The longitudinal viscous drag elongated the
bundle [Fig. 1(c)]. Immediately after the movement was
stopped bundles started to contract and fluorescent signals
were recorded (Movie S2 [16]). To evaluate these experi-
ments, a kymograph (picture series joined in one image)
was used to visualize the bundle length over time
[Fig. 1(d)]. Standard edge detection routines of MATLAB
were employed to extract the bundle length at given times.
These methods are suitable for the investigation of
dynamics of the system. However, multifilament systems
involve a variety of parameters (such as molecular content,
bundle thickness, filament length distributions, and more)
yielding diverse starting conditions for every experiment.
In our experiments we tested responses of filament
bundles under stress and recorded strains exceeding normal
elastic deformations (up to 175 % of the initial contour
length). Because of actin’s rigidity these elongations can
neither be attributed to thermal fluctuations of single
filaments nor stretching of the filament backbone. Thus,
within the pulling process filaments were pulled apart
and overlapping excluded volumes of filaments were not
maximized anymore. After stress release bundles started to
contract. This behavior can be attributed to filaments
restoring a maximal overlap of their excluded volumes.
Although previous studies revealed a constant force
for pairwise overlapping filaments, the decreasing bundle
length over time in our experiments is well described by
an exponential decay [Fig. 2(a)]. Thus, bundle dynamics
correspond to an overdamped relaxation in a harmonic
free energy landscape. These dynamics arise due to the
multifilament nature of probed actin bundles as described
in the mathematical model below. Resulting exponential
decay functions [bundle length ðtÞ ¼ a expð−t=τÞ þ c]
yield a distribution of decay times τ showing the
t = 100 s
(a)
(c)
t = 0 s
5 µm
(b)
(d)
t = 0 s
t = 10.5 s
t = 0 s
5 µm
FIG. 1. (a) Optical tweezers were used to stretch bundles
exceeding normal elastic deformations. After releasing one bead
from the trap the bundle started to contract (Movie S1 [16]). In a
stretched bundle, the overlap of excluded volumes was not
maximized anymore. When the pulling force was switched off,
filaments tended to maximize this overlap again and contractions
appeared (magnification). A bead tracking algorithm was used to
transform the recorded image series to bead trajectories, giving
the bundle length between these two beads over time. (b) After
the pulling process the right bead was released and the bundle
relaxed to a position maximizing the overlap of the excluded
volumes again. (c) The bead can be trapped and moved through
the viscous solution stretching the bundle due to friction. When
the movement is stopped, the bundle started to contract. (d) Dis-
played are the first frame of the picture series and the kymograph
of a contractile actin bundle attached to one bead with detected
bundle length over time.
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FIG. 2. (a) The recorded bundle length over time is well
described by an exponential decay allowing an evaluation of
the contraction velocity (red graph). Decay times (inset) of 29
different contractions are consistent with a median of 3.4 s. (b) A
contracting bundle can exhibit multiple contraction events (due to
a split bundle structure) described by a series of exponential
decay functions with consistent decay times. The black curve
displays the bundle contraction overlaid with the corresponding
single exponential decay functions. The red graph is the corre-
sponding velocity for the contractions and accelerating events.
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consistency of the effect with a median of 3.4 s [Fig. 2(a),
inset]. Determined exponential decays were used to cal-
culate the velocity of contractions showing maximal speeds
in the range from 0.10 to 0.65 μms−1 (Fig. S2 [16]).
Resulting maximal forces were evaluated by Stokes’ law
and typically range from 0.5 to 3.0 pN (Fig. S2 [16]).
In three cases we observed contractions involving addi-
tional accelerating events. These rendered one single expo-
nential decay inappropriate [Fig. 2(b)] to describe the whole
contraction process. Those contractions, however, can be
well described by a series of exponential decay functions.
Interestingly, the decay times of these individual exponential
decay functions are consistent. In general, we attribute these
accelerating events to split bundle structures. A part of the
bundle with originally overlapping filaments was fully deta-
ched during the stretching process. Filaments in the “main
bundle” still shared excluded volumes to cause contractions.
When releasing the external stress these bundles started to
contract lacking the contribution of the nonoverlapping
filaments. Their formerly attractive potential was not invol-
ved in the cumulative energy balance of the starting con-
traction. At a certain point nonoverlapping filaments came
close enough to share excluded volumes with the already
contracting bundle. New overlaps changed the attractive
potential and accordingly the energy balance. Thus, a second
or third additional internal contraction process set in and
the overall contraction was accelerated again [Fig. 2(b)].
To model the results of our experiments we extend
the depletion-induced interaction between filaments from
individual filament pairs to a multifilament scale. Within
the model a bundle is represented as a two-dimensional
arrangement of N rigid rods of length L. The only degree of
freedom of the rods is their relative axial shift xi [Fig. 3].
The Hamiltonian is given by
H ¼ −u
XN−1
i¼1
ðL − jxijÞ − f
XN−1
i¼1
xi; ð1Þ
where the first term represents the depletion-induced
attraction between filaments, assumed pairwise additive,
and of strength u, which has been shown to be constant in
earlier studies [6–9]. The second term is the work done by
the external pulling force f. The free energy F and the
force-extension relation hR − Li ¼ −∂F=∂f can easily be
calculated numerically. In the large-N limit one obtains in
linear response
hR − Li ¼ f Nhx
2i
kBT
; ð2Þ
which is a consequence of the law of large numbers (similar
as, for example, in the Gaussian chain model). The value
hx2i represents axial fluctuations of a single filament pair in
the absence of force (f ¼ 0). Neglecting end effects, it is
given by hx2i ¼ 2=ðβuÞ2, where β ¼ 1=kBT. As a result,
we find the force to be proportional to the extension with a
spring constant k ¼ u2=ðNkBTÞ. In Fig. 3(a) we numeri-
cally calculate the free energy of this model as a function of
the bundle extension R − L and the number of filaments N
that are arranged laterally. With two filaments in the
arrangement (one pair), the free energy is a linear function
of bundle extension, as expected from the definition of the
model. However, this linear relation does not persist for
multifilament arrangements. Already bundles with four
filaments display approximately a harmonic free energy
that very closely resembles the asymptotic form (N → ∞).
Thus, within the analytical model a combination of
several linear force pairs in an additive manner yields a
relation describing a harmonic potential. The origin of this
transition is the addition of more and more internal degrees
of freedom (in our case, the relative sliding of each
individual pair) contributing an entropic term to the free
energy. Extended bundles have a much smaller entropy,
because the accessible configuration space for bundle
conformations is highly reduced.
We note that the Hamiltonian can be extended to account
for frictional forces between sliding filaments, which were
reported recently [31]. In contrast to our study, Ward et al.
employed the depletant polyethylene glycol (PEG) to
bundle actin filaments, which inherently forms very dense
bundled structures with a much shorter interfilament
spacing [31,32]. For high PEG concentrations, the
x4
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FIG. 3. (a) Schematic of the idealized 2D scenario, where
forces are applied at the first (i ¼ 1) and at the last filament
(i ¼ N). L denotes the unit filament length and R the length of the
stretched bundle, with xi as the displacement between two
filaments. (b) Free energy FNðRÞ vs end-to-end distance R. A
two-filament bundle (N ¼ 2) has a linear energy landscape, but
with only a few filaments (N ¼ 4) the asymptotic harmonic form
(dashed) is nearly reached.
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interfilament spacing can be further decreased, which can
lead to high solidlike friction stalling any sliding motions
[31]. However, for low PEG concentrations Ward et al.
observed sliding of two filaments. For the multifilament
case, we were not able to induce any sliding motions by
optical tweezers independent of the PEG content. Thus, the
high PEG concentrations necessary to form multifilament
bundles impede studies of sliding dynamics. Our study
relied on methyl cellulose as the depletant, which is known
to form loose bundles with a large interfilament spacing,
rendering interfilament friction negligible [32]. However,
even by inducing interfilament friction into our mathemati-
cal model, the transition to a harmonic potential for the
multifilament case is conserved if the depletion strength is
larger than the friction (see Supplemental Material [16]).
While for the formulation of the theory several simplify-
ing assumptions have been made, we expect this scenario to
be generic and also useful to understand the complex
experimental bundle contraction. The internal degrees of
freedom in this case may also include filament bending
fluctuations which are suppressed by extension [33], thus
decreasing the entropy. The depletion force, in general,
cannot be written as a sum over two-body contributions
[34]. We test this assumption of the model by running
molecular dynamics simulations where the depletant is
modeled explicitly via soft spheres (see Supplemental
Material [16]). The simulations and theoretical model
are in excellent agreement, indicating that many-body
effects for the depletion interaction in our case are indeed
negligible. Although other studies revealed a constant force
for pairwise overlapping filaments [6–8], we are able to
show that pairwise linear, additive forces create a harmonic
potential. This potential for attractive filament-filament
interactions in our system supports the approach to describe
actin bundle contractions by an overdamped harmonic
motion. Within the frame of this model decreasing bundle
lengths over time can be well described by an exponential
decay. Our approach explains the springlike elastic behav-
ior of the bundle under elongation predicting a spring
constant k ¼ cu2=ðkBTÞ. The prefactor c ∝ N3D=N can be
estimated to depend on the number of filament pairs N in
the two-dimensional bundle element [Fig. 3(a)] and the
number N3D of these elements that are coupled in parallel.
The precise value of c depends on the internal bundle
structure and may vary with the experimental situation.
With c ¼ Oð1Þ we are able to estimate a spring constant by
using filament-filament interaction energies of 30 kBT=μm
as measured previously [13]. The resulting k ¼ 3.6 pN=μm
is in good agreement with the magnitudes of our data. We
were not able to quantitatively compare this theoretical
approach to our data any further due to experimental
uncertainties. To our knowledge, there is no technique to
determine the exact amount of filaments within the bundle
in situ and values can be only estimated roughly [11].
Furthermore, packing effects within the bundle cannot be
resolved, which would be essential to extend our model
from a simple two-dimensional arrangement to fully three-
dimensional structures and to determine N3D. In a three-
dimensional model the underlying packing can have
various influences. A single filament in the
center of a bundle, for instance, can be displaced with
few energy costs since overlapping excluded volumes can
be maintained by other filaments. This deflection would
yield a corresponding filament displacement at the bundle’s
end. To compare this case to a homogenous filament
displacement within the bundle, a comprehensive three-
dimensional model including packing effects has to be
derived. However, the two-dimensional model is sufficient
to explain the exponential force decay and corresponding
differences of the dynamics. The model as well as simu-
lations clearly show that the dynamics of a multifilament
system are an emergent property of additive, pairwise, and
linear force contributions.
To test influences of the contraction process to the bundle,
we investigated the persistence of a bundle’s contraction
behavior. In that course, we deformed a single bundle
multiple times and recorded its contraction behavior. For a
better experimental realization, bundles attached solely to
one bead were probed. Our experiments revealed a degen-
erating effect after consecutive expansions and contractions.
As displayed in Fig. 4, later contractions display lower
maximal velocities and reach a higher baseline representing
an increased relaxed bundle length. We attribute this fact
to potential filament annealing (two filaments concatenate)
yielding a change in the energy balance [35]. For further
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FIG. 4. Contractions show a decaying behavior when one
bundle is deformed multiple times consecutively (Movie S2
[16]). Dynamic behavior becomes slower with every expansion
and contraction event and the bundle relaxes to other baselines.
The numbers refer to the specific contraction process. Image
series were evaluated in the form of a kymograph. The relative
bundle length describes the actual bundle length normalized by
the maximal outstretched configuration in the corresponding
experiment.
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contractions these merged filaments would have to buckle
and thus hinder the overall contraction process.
In conclusion, we have developed an optical tweezers
based technique to investigate the contractile behavior
induced by depletion forces [10] of a multifilament actin
bundle. In comparison to previous theoretical as well as
experimental studies [6–9] we found a fundamentally
different dynamic behavior. These earlier studies described
that a relative, axial sliding of single rodlike filaments
induced by depletion forces leads to a constant force.
Dynamics of contractions would then proceed with a
constant velocity, at odds with our findings of an exponen-
tially decreasing velocity. We are able to describe this
behavior as an emergent phenomenon of rodlike colloids in
an actin bundle when taking pairwise interactions to a
multifilament scale. To further understand the results of
our experiments we modeled the bundle as a simple two-
dimensional arrangement of N − 1 laterally stacked pairs
of rigid filaments. The arising harmonic potential and
accordingly the exponential force decay were verified by
simulations as well as for the case of interfilament friction.
To measure absolute force values, different techniques have
to be applied as used by Hilitski et al. and Ward et al.
[9,31]. These methods, however, hardly allow evaluations
of dynamics. Additionally, our employed protocols are
especially optimized to form large bundle structures. The
investigation of two interacting actin filaments in a
crowded environment requires various adjustments of the
experimental protocols. In our systems, the transition from
single filaments to bundles due to crowding effects is rather
sharp [10,32]. Thus, if the interaction is strong enough to
cause attraction, almost every filament is grouped in a
bundled structure rendering experiments with a controlled
number of filaments impossible. However, experiments in a
two or three filament system have been already achieved
illustrating the pairwise additive contributions of filaments
if the sliding motions are not stalled by frictional forces
[9,31]. Based on the previous findings, we extended these
studies to the multifilament case yielding very different
dynamics.
Molecular crowding effects represent a fundamental
physical interaction, which cannot be switched off even
in active systems such as cells. The cytoplasm itself is a
dense environment filled with macromolecules [3,32]. In
the experiments presented here the amount of macro-
molecules is well below the macromolecular content
of a cell emphasizing the biological relevance (see
Supplemental Material [16]). Additionally, kinetics and
force generation are in a regime of active processes but
without the need to convert chemical energy into mechani-
cal work [1,15,36–39].
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I BIOCHEMICAL PREPARATION AND
EXPERIMENTAL METHODS
G-actin was prepared from rabbit muscle as described
previously [1]. This procedure involved size-exclusion
chromatography to ensure the purity of the actin and the
absence of other proteins. This purity was verified by
SDS-PAGE (Fig. S1). We observed the actin signal at
42 kDa but no other signals, which would indicate addi-
tional components. To ensure a complete independence
of myosins, we verified the persistence of the effect under
ADP conditions rendering active processes impossible.
The presence of any crosslinking proteins would have in-
hibited the initial experimental step since sliding motions
would have been suppressed.
Monomeric actin was polymerized and labelled
by adding 1/10 volume fraction of 10 times concen-
trated F-buffer (1.0M KCl, 10mM MgCl2, 50mM
HEPES, 2.0mM ATP or ADP, 10mM DTT) and
Phalloidin–Tetramethylrhodamine B isothiocyanate
(Phalloidin-TRITC - Sigma-Aldrich Co.) at a concentra-
tion of 5 µM. Biotinylated actin (5 µM - Cytoskeleton
Inc.) was added to the solution to decorate filament
ends after polymerization (ratio of 3 to 50). Further
actin preparation was done as described above and
polymerization was induced by ADP-F-Buffer conditions.
For experiments under ADP conditions, all buffers were
prepared with ADP instead of ATP. To exchange the for-
mer G-Buffer (5mM Tris-HCl, 0.1mM CaCl2, 0.2mM
ATP, 1.0mM DTT, 0.01% NaN3), G-actin was polymer-
ized under ADP-F-Buffer conditions and centrifuged at
100,000 g for 3.5 h at 4°C. The pellet was resuspended in
ADP-G-Buffer (5mM Tris-HCl, 0.1mM CaCl2, 0.2mM
ADP, 1.0mM DTT, 0.01% NaN3) and dialyzed against
ADP-G-Buffer overnight.
2 µm fluorescent streptavidin beads (Streptavidin Flu-
oresbrite® YG Microspheres - Polysciences Inc.) were
used to allow binding of the prepared, labelled actin via
biotin-streptavidin bonds. Beads were captured by op-
tical tweezers enabling contact-free manipulations and
measurements of dynamics within the system.
Depletion forces were induced by adding methyl cellu-
lose (400 cP (2% in aqueous solution) - Sigma-Aldrich
Co.) to arrange actin filaments into bundles without
the need of accessory proteins [2]. The final solution
contained 0.2 µM TRITC-labelled, biotinylated actin, glu-
cose/glucose oxidase as antiphotobleaching agent, and
1.6% methyl cellulose in F-buffer conditions. This solu-
tion was deposited into a sample chamber as described
previously [2].
Fluorescence was induced by a mercury vapor lamp and
a N2.1 filter cube transmitting the appropriate green light
(Leica 11513882, excitation filter from 515 to 560 nm) on
the sample. In this spectrum actin bundles as well as
beads were visualized.
To manipulate beads and actin structures an epi-
fluorescence Leica DM IRB microscope equipped with
a 100×oil-immersion objective (Leica 11506168) and a
custom-built optical tweezers setup was used (similar to
the setup described by Koch et al. [3] equipped with
a Manlight ML3-CW-P-OEM-OTS laser). Observations
and image acquisitions were realized by a Hamamatsu
Orca ER digital CCD camera (Hamamatsu Photonics).
All components of the setup were controlled and integrated
by a self-written LabVIEW (National Instruments) pro-
gram. Experiments were observed via image sequences
with a typical frame rate of 20Hz.
Reference Reference
Sample
solution
40 kDa 40 kDa
70 kDa 70 kDa
260 kDa 260 kDa
Figure S1. SDS-PAGE was used to show the absence of any
myosin motors or other accessory proteins in solution. Only
the actin signal at 42 kDa was observed verifying the purity
of the solutuion.
2II FORCES AND VELOCITIES
Exponential decay functions describing the bundle
length over time during the contraction process can be
used to further evaluate these processes. The fitting func-
tion can be analytically differentiated yielding the velocity
of the contraction. Resulting maximal velocities of the
contractions typically ranged from 0.10 to 0.65 µm/s (Fig.
S2). If two beads were attached to a bundle, the bead’s
geometry was used to determine contractile forces. The
released bead was dragged through the solution by the con-
traction. Forces, necessary to displace a bead in a viscous
medium, can be approximated by Stokes’ law (F = 6piηrv,
with η being the viscosity, r the radius of the bead, and
v the velocity). This approach, however, systematically
underestimates forces since longitudinal friction at the
bundle surface is neglected. For this evaluation the vis-
cosity of the surrounding medium was measured with
microrheological methods. Measurements yielded a vis-
cosity of η = 0.24 ± 0.03Pa s. Our data have shown
maximal forces typically range from 0.5 to 3.0 pN (Fig.
S2). A spread of maximal forces is evident since bundles
are very heterogeneous structures and uniform starting
conditions are not feasible. Bundle thicknesses, for in-
stance, naturally vary and the number of filaments within
a bundled structure can only be approximated [2]. The
amount of free filament ends can vary drastically from
bundle to bundle. Additionally, maximal velocities as well
as forces depend on the extension of the bundle during
the stretching process, which is limited by the strength
of the optical tweezers setup.
Due to the exponential length decay, generated forces
converge to zero when bundles are fully contracted ap-
proaching the thermal noise regime. Forces due to thermal
noise, however, are not directed. Contractile forces in
our experiments are directed and thus bundles still relax
even in this low force regime until reaching their energetic
minimum.
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Figure S2. Maximal velocities (typically ranging from 0.10 to
0.65µm/s) and forces (typically ranging from 0.5 to 3.0 pN)
of contractile bundles attached to two beads.
III SIMULATION OF THE CROSS-OVER TO A
MULTI-FILAMENT SYSTEM
The analytical model describes the free energy of the
system as a function of the end-to-end distance R quickly
reaching an asymptotic form already for a few filaments.
We are able to confirm this behavior by molecular dy-
namics simulations, where the depletant is modeled ex-
plicitly via soft spheres. Filaments are modeled as rigid
rods and excluded volume effects via shifted and trun-
cated Lennard-Jones interactions for filament-filament
and filament-depletant pairs. The ratio between filament
and depletant diameter is chosen to be five. The filament
length is 50 in units of the depletant diameter, and the
volume fraction of the depletant is taken to be 0.5.
In Fig. S3 the probability distribution for the offset
between first and last filament in the bundle (no force,
f = 0) is shown. For an N = 2 bundle an exponential
distribution arises as given by the Boltzmann weight
(exp(-βu |x|)). Upon addition of more filaments to the
bundle a cross-over to a Gaussian distribution can be
observed. This distribution corresponds to a harmonic
energy profile.
Distributions of more filaments (e.g. N = 4, 6) can be
well described by Gaussian fits, in particular for small
offsets. Furthermore, the fit for N = 6 resembles also the
behavior for larger offsets as expected from the theory.
The relative width σ of the Gaussian fits for the two cases
of N = 4, 6 filament bundles yield σ6/σ4 ≈
√
6/4. This
behavior is as expected from the N-dependence of the
spring constant k ∼ 1/N and σ ∼√1/k.
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Figure S3. Probability distributions P(R) for the extensions
(end-to-end distance) of bundles of N = 2, 4, 6 filaments are
displayed. Points are direct results of the simulation and
lines are corresponding fits. For a bundle of two filaments the
probability distribution follows an exponential distribution as
given by the Boltzmann weight. Probability distributions of
a bundle with more filaments follow a Gaussian distribution.
This transition is illustrated by simulating N = 2, 4, 6 filament
bundles. Already bundles formed by six filaments yield a
Gaussian probability distribution corresponding to a harmonic
potential.
3We note that the trend persists when choosing odd
filament numbers as well. Starting with two filaments
accounts for a pairwise interaction and the respective
increment of two filaments was chosen to illustrate the
cross-over to a Gaussian probability distribution.
IV INFLUENCES OF THE
MACRO-MOLECULAR CONTENT, BUNDLE
THICKNESS AND LENGTH
Evaluations of contraction dynamics enabled us to test
influences of the contraction process on the bundle itself.
We observed that a higher macromolecular content inher-
ently slows down contractions due to higher friction forces
and shows approximately a linear dependency with re-
spect to the decay times of contraction processes (Fig. S4
(a)). For this investigation the viscosity was measured by
optical tweezers as described in [4] with a bead in vicinity
to the bundle. Viscosity values were directly translated
into macromolecular contents with data sheets provided
by Sigma-Aldrich.
In further investigations we monitored the bundle thick-
ness over time (Fig. S4 (b)) and found that a bundle
becomes thicker during the contraction (Fig. S4 (b) inset).
These measurements aimed at comparing different bun-
dle thicknesses to contractile dynamics. Bundle widths
were evaluated via a Radon transform along the bundle
backbone [5]. The full width at half maximum of the
intensity profiles was chosen to compare thicknesses of
different bundles. Due to the direct correlation to inter-
acting filament pairs we expect an influence of the overall
bundle thickness on exerted forces and kinetics during
contractions of different bundles. However, we found no
apparent correlation within the limits of our measure-
ments (Fig. S4 (b)). This data is in good agreement with
consistent decay times for accelerating events, where a
bundle thickening has seemingly a minor influence.
Additionally, we tested the dependency of the bundle
length to the contractile behavior (Fig. S4 (c)). Although
we would expect according influences since longer bun-
dles exhibit more filaments able to share their excluded
volumes, these evaluations did not reveal a persistent
trend. Possibly, effects due to thicker or longer bundles
are superimposed by unavoidable viscosity variations for
differing experiments. These variations correspond to
different macromolecular contents of the depletion agent
influencing the contraction process.
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Figure S4. (a) With an increasing molecular content of the
depletion agent an increase of decay times was observed. Thus,
a more viscous medium yields a slower bundle contraction due
to higher friction. (b) The bundle thickness has no detectable
scaling behavior within the limits of our measurements. (Inset)
In the course of a contraction process (red dots) a thickening
of the contracting bundle (blue dots) can be observed. (c)
Evaluations of the dependency of the minimal bundle length
to the decay time yielded no detectable trend. Potential influ-
ences of the underlying bundle parameters are superimposed
by variations of the macromolecular content throughout the
samples.
4V FRICTION BETWEEN FILAMENTS
It has been shown recently that sliding of two actin filaments caused by depletion forces is subject to solid-like
friction [6]. Within their study, Ward et al. used the depletant polyethylene glycol (PEG). For high PEG contents,
they demonstrated that filaments are tightly packed and that their inter-filament friction stalls any sliding motions
induced by depletion forces. For lower depletant concentrations and a larger inter-filament spacing, sliding is observed
and friction has been shown to depend on the parallel or antiparallel arrangement of the filaments [6]. Thus, depletion
force induced sliding overcomes frictional forces and filaments contract to restore a maximized overlap of their excluded
volumes.
In contrast to this study, we formed bundles by the depletant methyl cellulose (MC), which has been reported to
form loose bundles with a larger inter-filament spacing than PEG [7]. Thus, underlying filaments are too far apart
to experience inter-filament friction forces large enough to stall the overall contraction process. In this regime, we
see the reported actin bundle contraction with an exponentially decaying speed. To account for frictional forces, we
can incorporate the findings by Ward et al. into our mathematical model. They mathematically describe the friction
between two filaments as
FR = Fmax tanh
(
LW − nd
λ
)
, (1)
with
nd n times the friction interaction potential well width d,
LW = L− |xi|, overlap length according to Ward et al.,
λ =
√
kd4
U0
excitation (kink) width of the bead-spring lattices sliding past each other,
Fmax =
kBT
d
log
(
v
2dfc
eU0/(kBT )
)
originally formulated by Prandtl and Tomlinson,
U0 friction interaction potential well depth,
k spring constant,
1/fc relaxation time of monomer in energy well,
v pulling speed / sliding velocity [6].
If sliding occurs (friction ¹ depletion induced attraction), the velocity between two filaments is constant [8–11]
yielding a constant Fmax. In addition to the friction-free case, we can consider pairwise addition of two-filament
friction for N filaments contributing to the Hamiltonian
H = −u
N−1∑
i=1
(L− |xi|)− f
N−1∑
i=1
xi + Fmax
N−1∑
i=1
tanh
(
L− |xi| − nd
λ
)
(L− |xi|) . (2)
The first term represents the depletion-induced attraction between filaments, the second the work done by the external
force, and the third term the inter-filament friction. With this expression we can derive the partition function
Z =
N−1∏
i=1
L∫
−L
dxi e−β(−u(L−|xi|)−fxi+Fmax tanh
(
L−|xi|−nd
λ
)
(L−|xi|)). (3)
With the partition function, the end-to-end distance can be calculated via
〈R− L〉 = −∂F
∂f
= kBT
∂
∂f
lnZ. (4)
〈R− L〉 = kBT (N − 1)
L∫
−L
dxβxe−β(−u(L−|x|)−fx+Fmax tanh
(
L−|x|−nd
λ
)
(L−|x|))
L∫
−L
dx e−β(−u(L−|x|)−fx+Fmax tanh
(
L−|x|−nd
λ
)
(L−|x|))
(5)
5With this expression we find three distinct cases. In the first case, U0 and thus Fmax are large and the system is
effectively stalled. This frustrated state resembles the case of high depletant contents where no sliding motions were
observed due to the short inter-filament friction [6]. In the second case, frictional forces and depletion induced sliding
are on the same order magnitude yielding non-trivial solution.
The third case (U0 → 0, and thus Fmax → 0) represents the low-friction regime, where the depletion strength u is
the dominating factor. In this regime, the friction term Fmax tanh
(
L−|x|−nd
λ
)
can be approximated by Fmax L−|x|−ndλ .
With this approximation, equation 5 reads
〈R− L〉 ≈ kBT (N − 1)
L∫
−L
dxβxeβk˜−βu˜|x|+βfx−βFmax
|x|2
λ
L∫
−L
dx eβk˜−βu˜|x|+βfx−βFmax
|x|2
λ
, (6)
with the abbreviations βuL− βFmax L−ndλ L = βk˜ and −βu|x|+ βFmax L−ndλ |x|+ βFmax Lλ |x| = −βu˜|x|.
Both integrals are expanded for small f ,
〈R− L〉 ≈ (N − 1)
=0︷ ︸︸ ︷
L∫
−L
dxxeβk˜−βu˜|x|−βFmax x
2
λ +
L∫
−L
dxβfx2eβk˜−βu˜|x|−βFmax x
2
λ
L∫
−L
dx eβk˜−βu˜|x|−βFmax x
2
λ +
L∫
−L
dxβfxeβk˜−βu˜|x|−βFmax x
2
λ
︸ ︷︷ ︸
=0
. (7)
In the large-N limit one obtains in linear response
〈R− L〉 = f N〈x
2〉
kBT
. (8)
Thus, even if inter-filament friction forces are present in the system, the harmonic shape of the potential is conserved
when the friction is significantly smaller than depletion strength. The low-friction regime is suitable to describe MC
formed bundles due to their large inter-filament spacing.
6VI BIOLOGICAL RELEVANCE
A physiological relevance of these contractile processes
is likely since cells show a macromolecular content of
up to 40% [7, 12], which is well above macromolecular
contents used for our experiments. Although cells have
an army of protein machines to remodel actin structures,
crowding effects are inherent physical principles which
cannot be easily suppressed. If these effects are unfa-
vorable, cells even have to actively counteract them by
energy consumption to drive the system out of equilibrium
[7, 13, 14]. However, the high macromolecular content
of a cell renders crowding effects in these systems very
plausible.
Especially for forces in the piconewton range, the pas-
sive process we found cannot be ignored. These contribu-
tions minimize the free energy of the bundle if filaments
interact in an attractive fashion. Our experiments only
rely on filament-filament interactions induced by the envi-
ronment and no other proteins besides actin are involved.
In addition, contractions do not require a specific orienta-
tion of actin filaments concerning their plus and minus
ends. Dynamics of the energetically driven processes,
however, are slow in comparison to velocity ranges of
some myosins. Myosin II motors, for instance, have been
reported to move up to 4.5 µm/s [15–18]. Myosin types
moving actively in a lower velocity range have also been
described [19]. Besides dynamic differences, myosin ac-
tivity is switchable while filament interactions cannot be
influenced easily [20].
Although dynamics of the energy minimizing processes
are slow, they can be employed to contribute to contrac-
tions. The passive contractility process we found may
act independently of molecular motors but may also act
in concert with motor activity. Cellular actin systems,
for instance, are prestressed by myosin minifilaments [21].
These motors maintain tensile strains of the bundle and
the overall cellular strain can be preserved. However,
myosin motors bind transiently and minifilaments can be
very small containing only three to four myosins. Thus,
there are states when all molecular motors are detached
from the bundle. Due to its prestress a bundle would
extend its length decreasing its tension. In extreme
cases bundles would even fully dissolve. Nevertheless
prestressed bundles remain intact since filament-filament
interactions antagonize bundle disintegration. Tensile
strains of bundles and consequently of whole cells can be
sustained.
On a cellular scale this mechanism may play a role
in the retraction phase of filopodia, which are among
the most molecularly crowded structures in cells. Actin
filament bundles stretching from the tip to the base of
filopodia are highly contractile although they are not di-
rectly contracted by the myosin motors located at the
basal interface to the interior actin cortex [22]. This is
further supported by the fact that bundled actin filaments
within filopodia are highly parallel in polarity due to their
polymerization from the tip, thereby rendering active
myosin contractions implausible. In contrast, the funda-
mental mechanism underlying contraction presented here
is entirely independent of the orientation of interacting
filament pairs. Stall forces for retracting filopodia are
on the same order of magnitude as the crowding-induced
contractile forces measured in our experiments [22]. Their
kinetics, however, seem to be slower [23], which might
be attributed to crosslinkers such as fascin or fimbrin
regulating the depletion force effect. Fascin itself might
inhibit these depletion driven contractions due to its prop-
erties as a relatively stable crosslinker on the time scale of
retraction events [24]. However, fascin’s binding affinity
can be influenced by phosphorylation, which drastically
reduces its actin binding affinity [25, 26]. This mecha-
nism, which itself is regulated by interactions between the
surface of the cell and its surrounding environment, might
act as a trigger to initiate bundle and thereby filopodia
contraction via crowding-induced forces.
The in vivo situation in cellular systems, however, is far
more complex with many interacting components and in-
terwoven functions. Examinations of a minimal system of
actin filaments in a crowded environment initially allowed
us to investigate distinct biophysical properties, which
are hardly accessible in in vivo systems. However, exten-
sive in vivo studies are necessary to determine processes
and magnitudes of entropic forces induced by a crowded
environment in active systems such as cells.
In conclusion, these contractions are based on fun-
damental physical laws and are very robust. Entropic
crowding effects can generate forces in the piconewton
range which are relevant in biological systems since they
are comparable to myosin activity. This statement is
emphasized by the macromolecular content employed for
our experiments, which is well below the macromolecular
content of cells. Furthermore, crowding effects cannot be
switched off and bundle contractions always appear if fila-
ments can slide against each other. Thus, depletion forces
and accordingly these contractile actin structures should
appear in cellular systems as well. They are independent
of any active structural arrangements and parameters
such as filament orientation.
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3 Results and Discussion
3.3 Glassy Dynamics in Composite Biopolymer
Networks
The content of this chapter has been published in the manuscript "Glassy dynamics in
composite biopolymer networks".
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Glassy dynamics in composite biopolymer
networks†
Tom Golde, a Constantin Huster,b Martin Glaser,ac Tina Ha¨ndler,ac
Harald Herrmann,de Josef A. Ka¨sa and Jo¨rg Schnauß *ac
The cytoskeleton is a highly interconnected meshwork of strongly coupled subsystems providing
mechanical stability as well as dynamic functions to cells. To elucidate the underlying biophysical
principles, it is central to investigate not only one distinct functional subsystem but rather their interplay
as composite biopolymeric structures. Two of the key cytoskeletal elements are actin and vimentin
filaments. Here, we show that composite networks reconstituted from actin and vimentin can be
described by a superposition of two non-interacting scaﬀolds. Arising eﬀects are demonstrated in a
scale-spanning frame connecting single filament dynamics to macro-rheological network properties.
The acquired results of the linear and non-linear bulk mechanics can be captured within an inelastic
glassy wormlike chain model. In contrast to previous studies, we find no emergent eﬀects in these
composite networks. Thus, our study paves the way to predict the mechanics of the cytoskeleton based
on the properties of its single structural components.
Introduction
The cytoskeleton fulfills numerous functions such as deter-
mining the cell shape, providing mechanical stability, enabling
cell movement and cell division, connecting cells in tissues and
influencing signaling within cells.1,2 It is mainly comprised of
three major types of biopolymers: actin filaments (F-actin),
microtubules (MT) and intermediate filaments (IFs), which
play diﬀerent roles in the various cell functions. F-actin, for
instance, is present in all eukaryotic cells and its contribution
to cell mechanics and dynamics has been investigated in great
detail.1 MT are likewise involved in very dynamic processes
such as inner-cellular transport and cell division while also
supporting the mechanical integrity of the cytoskeleton.1 In
contrast to these two cytoskeletal components, the properties of
IF gained less scientific attention and some of their functions
remain enigmatic. However, various of their tasks have already
been identified and it has been shown that keratin IF determine
the stiﬀness of keratinocytes to a greater extent than the actin
cortex.3,4 In contrast, vimentin IF contribute little to cortical
stiﬀness but play a critical role for intracellular mechanics to
protect cells against large stresses and can eﬀectively act as a
‘‘cellular safety belt’’.5–8 Besides their mechanical properties,
vimentin IFs replace keratin IFs during the epithelial to
mesenchymal transition (EMT) and are effectively used as a
marker for mesenchymal stem cells.9 Since EMT is central to
pathological changes such as fibrosis and cancer metastasis,9,10
which are inherently linked to changes in cell mechanics,1 the
question arises if the expression of vimentin during the EMT
can be justified with physical arguments. The interplay with the
actin cytoskeleton is of special interest since it is also altered
during EMT. However, physical properties of these biopolymers
have been mainly investigated by measuring and comparing
reconstituted networks consisting of only one of these com-
ponents.11,12 These studies inherently lack the ability to predict
the properties of composite networks and only during the
past years the focus has been shifted towards a more unifying
approach of understanding the interactions of the cytoskeletal
subsystems.13 Composite networks of F-actin and MT, for
instance, have been shown experimentally and theoretically to
drastically change the non-linear behavior when few MT are
embedded in actin networks.14,15
Although the interplay within composite F-actin and vimentin
IF networks is of crucial biological importance, there are only
few rudimentary in vitro studies with contradictory results. These
studies report both stronger and weaker mechanical properties
for the composite networks compared to their pure counterparts
depending on the protein density,16 cross-linker density,17
and involved phospholipids.18 Interestingly, these results imply
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emergent behaviors when mixing actin and vimentin, which
would impose major diﬃculties for cells to systematically adapt
their mechanical properties when needed. However, the pre-
vious studies do not take fundamental geometrical parameters
such as the networks’ mesh size x into account, which directly
impacts mechanical properties. This hampers the interpreta-
tion of these results since the same monomer concentration of
actin and vimentin yields networks of diﬀerent mesh sizes.
With respect to the impact on cell mechanics, actin–vimentin
interactions might be a reason for increased vimentin expres-
sion (instead of keratin) during EMT.
These previous studies also lack consistent and quantitative
theoretical models explaining the presented results, which would
have inevitably taken the central parameter mesh size into account.
The mesh size expresses the average space between neighboring
filaments and only depends on the monomer concentration
(Fig. 1A), which shows a diﬀerent scaling for F-actin and vimentin
IF. x is therefore the main determinant of the concentration
scaling in various network models such as the aﬃne deformation
model,19 the tube model,20 and simple unit cell models.21 Here,
we now compare composite networks with a constant mesh size
instead of a constant monomer concentration. Any diﬀerences in
network properties are consequently only caused by the diﬀerent
properties of actin and vimentin filaments respectively, and not
simply by a diﬀerent spacing.
Experimental
Protein preparation
G-actin was prepared from rabbit muscle and stored at 80 1C
in G-Buﬀer (2 mM sodium phosphate buﬀer pH 7.5, 0.2 mM
ATP, 0.1 mM CaCl2, 1 mM DTT, 0.01% NaN3) as described
previously.22 For the experiments, small volumes of monomeric
actin where thawed and kept on ice until used. Fluorescently
labeled actin was prepared by polymerizing G-actin at 5 mM in a
1 : 1 ratio with phalloidin–tetramethylrhodamine B isothio-
cyanate (phalloidin–TRITC – Sigma-Aldrich Co.). Samples where
polymerized by adding 1/10 volume fraction of 10 times con-
centrated F-buffer (20 mM sodium phosphate buffer pH 7.5, 1 M
KCl, 10 mM MgCl2, 2 mM ATP, 10 mM DTT).
Human vimentin was expressed recombinantly in E. coli and
purified from inclusion bodies as described previously.23 For
visualization, vimentin was fluorescently labeled with Alexa
Fluor 488 C5 Maleimide (Thermo Fisher Scientific) according
to the method described by Winheim et al.24 with the minor
change that the excess dye was removed by elution over PD-10
Desalting Columns (GE Healthcare). The purified vimentin was
dialyzed stepwise from 8 M urea against a 2 mM sodium
phosphate buﬀer at pH 7.5 and stored on ice before polymerization
into filaments.25 For experiments requiring fluorescently labeled
vimentin about 10% of the monomers were labeled. The polymer-
ization was initiated with the identical conditions as for actin.
Composite networks were prepared by mixing monomeric
actin and vimentin, which were subsequently polymerized by
adding 1/10 volume fraction of 10 times concentrated F-buﬀer. This
co-polymerization enabled the formation of the fully mixed, com-
posite networks with interwoven filaments (Fig. S1 in the ESI†).
Single filament observation
Samples for single filament observations were prepared and
analyzed similarly to the method described by Schuldt et al.,26
which will be shortly summarized here. Both fluorescently
labeled actin and vimentin filaments were polymerized at
0.2 g l1 for one hour at room temperature. Labeled filaments
were diluted and gently mixed with unlabeled monomers to a
molar ratio between 1 : 2000 and 1 : 20 000 and polymerized for
one hour at 37 1C. ()-6-Hydroxy-2,5,7,8-tetramethylchromane-
2-carboxylic acid (Trolox – Sigma-Aldrich Co.) was added to a
final concentration of 2 mM as an anti-photobleaching agent
due to its radical scavenging and antioxidant activities. The
mixtures of labeled filaments embedded in an unlabeled net-
work were placed between two glass slides, as described by
Golde et al.27 These final samples were kept at room tempera-
ture for one hour prior to observation. Specimen with pure
vimentin were polymerized directly in the sample chamber for
two hours at room temperature.
Images of the embedded tracer filaments were recorded via
an epifluorescence microscope (Leica DM-IRB, 100 oil objective,
NA 1.35) equipped with a CCD camera (Andor iXon DV887). At
least 10 filaments were captured in each sample with a frame rate
of 10 Hz for 10 s. These filaments were chosen to be well away
from the glass surface and had to lie within the focal plane to
enable 2D tracking. In samples containing both labeled actin and
vimentin filaments, the polymers could be easily distinguished by
using diﬀerent filter cubes for TRITC–phalloidin (red) and Alexa
488 (green). Filament tracking was performed with the freely
available ImageJ plugin JFilament (http://imagej.nih.gov/ij/).
This tracking data was used to determine tube widths andmesh
sizes. All images of a single filament where summed up and a
mean tube backbone was tracked from this overlay. Perpendicular
Fig. 1 Tube width and mesh size in composite networks. (A) Sketch of
a semidilute, semiflexible polymer network composed of two diﬀerent
biopolymers (red and green). Each filament is confined by the surrounding
filaments to a tube-like region with diameter a, the so-called tube width.
The mesh size x is the average space between neighboring filaments. Both
quantities are closely connected via the persistence length and the contour
length of each filament (see eqn (2)). The fluorescence microscopy pictures
display (B) an actin filament stabilized with phalloidin and (C) a vimentin
filament, which are surrounded by the same composite network of non-
labeled actin and vimentin filaments. Note the diﬀerent contour of the
vimentin filament compared to the actin filament demonstrating its higher
flexibility. The scale bar is 20 mm.
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profile lines of the mean tube backbone were drawn to determine
intersection points with all individual filament tracks. After esti-
mating a kernel density at each intersection point and fitting by a
Gaussian, the tube width was defined as twice the standard
deviation of the Gaussian. The final tube width of a filament is
the mean of all intersection points in the center region of the tube.
The same data was used to obtain the MSD of single filaments
presented in Fig. 4. Here, the filament center was defined as the
point at the backbone with an equal distance to both ends. Its
movement was analyzed as a projection on the tangent vector of the
tube backbone at the corresponding position. Our definition of the
filament center is susceptible to fluctuations of the contour length
caused by tracking errors and filament ends moving out of focus.
Thus, we compared the MSD of the filament center to the MSD of
the contour length over time divided by 4. Filaments with a non-
constant MSD of the contour length were excluded from analysis.
For filaments where both the MSD of the contour length and the
MSD of the filament center are constant and comparably small, the
latter is only an upper bound of the actual filament movement.
Shear rheology
Shear rheology measurements were performed with a strain
controlled ARES rheometer (TA Instruments, USA) and a plate–plate
geometry with a diameter of 40 mm and a gap width of 140 mm. All
components were mixed on ice and polymerized directly between
the two plates for 2 hours at 25 1C. F-Buffer with the same
conditions as in the sample was added to the sides of the plates
to prevent artifacts from interfacial elasticity.28,29 The sample
chamber was sealed with a cap equipped with wet sponges to
prevent evaporation. Filament assembly was monitored with a
dynamic time sweep by a short measurement every 60 s at a
frequency of 1 Hz and a strain of 5%. Samples that appeared to
be out of equilibrium at the end of the time sweep were excluded
from analysis. The linear regime was measured with a dynamic
frequency sweep with a strain of 5% and 20 points per decade.
The non-linear regime was tested with a transient step rate
measurement and strain rates of 0.025 s1, 0.1 s1 and 0.25 s1. The
diﬀerential shear modulus K was determined from the resulting
stress–strain curves with a self written MatLab script. After smooth-
ing the data with a spline fit, K was calculated as the gradient of the
stress divided by the strain step width. The linear value Klin was
defined at the first non-negative stress value. Negative stress values
for small strains are simply a result of measurement limitations as
well as the spline fit and do not resemble any physical meaning.
Klin was verified to scale linearly with the linear elastic plateau
modulus G0 = G0( f = 1 Hz) (Fig. S2F of ESI†).
Results and discussion
Mesh size
Themesh size of a semiflexible polymer network can be estimated
by assuming a simple cubic network of rigid rods with the
mass per length mL and the protein concentration c:
x ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃ
3mL
c
r
: (1)
With mL = 2.66  1011 g m1 for F-actin30 and mL = 5.48 
1011 g m1 for vimentin filaments,31,32 both actin and vimentin
filament networks should have the same x = 0.4 mm for cactin =
0.5 g l1 and cvimentin = 1.0 g l
1. Using these values as boundary
conditions, we can chose actin–vimentin mixtures with the same
total polymer length per unit volume and consequently the same
theoretical mesh size.
We determined the mesh size in our networks directly by
observing embedded fluorescent tracer filaments as described
previously by Schuldt et al.26 (Fig. 1). Measuring the tube width
a of these filaments with persistence length lP, we calculated
the mesh size x of our networks with the relation
a  0:31x
6=5
lP1=5
þ 0:56x
2
L
; (2)
where L is the contour length of the filament. The prefactors in
eqn (2) were determined in computer simulations and the
obtained mesh size represents only an upper limit of the actual
mesh size in the network.33 With this method, x can be obtained
for each sample with a typical standard deviation between 0.1 mm
and 0.4 mm due to the filament-to-filament variation of the tube
width within one sample. For pure F-actin as well as vimentin
filament networks the concentration scaling of x is in good
agreement with a power law exponent of a = 0.5 as predicted
by the tube model34 (Fig. S3 of ESI†).
The scaling of the persistence length in eqn (2) was tested by
employing fractions of both populations fluorescently labeled
(vimentin filaments with lP = 2 mm
35,36 and phalloidin stabi-
lized F-actin with lP = 17 mm
20) and embedded in the same
composite network (Fig. 2A). In these networks vimentin fila-
ments have a larger tube width than F-actin due to their higher
flexibility (Fig. S3 of ESI†). Comparing the mesh sizes obtained
from all actin and vimentin filaments in each sample, the
diﬀerence of the mean values between actin and vimentin is
smaller than the sample to sample variation (Fig. 2A). Thus, both
labeled actin and vimentin filaments can be used independently
for determining x despite their diﬀerent persistence length.
Calculating the weighted mean from all actin, vimentin, and
composite samples we obtained a mesh size of x = 1.16 0.24 mm
(Fig. 2B).
Alternatively, the mesh size can be obtained by tracking
embedded particles of diﬀerent sizes. For actin, it has been
shown that this technique leads to the same scaling of x with
protein concentration as the filament tracking.37 The thermal
motion of tracer particles with a radius similar to the mesh size
is very sensitive to the ratio of both values.38,39 The actual value
for x, however, can only be roughly approximated, as well. For
vimentin, x was determined as an upper bound of the real mesh
size with a value between 1.2 mm and 1.5 mm at a concentration
of 1 g l1.40 Schopferer et al. calculated the size mesh from
the elastic plateau modulus obtained with bulk rheology by
assuming a simple network of flexible chains.41 This approach
completely neglects the influence of the persistence length and
attractive interactions between vimentin filaments. The obtained
value of x = 0.175 mm can at most be regarded as a lower bound.
Considering the large variation of the mesh size in the literature,
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we conclude that using tracer filaments is a very suitable method
to compare x quantitatively in diﬀerent semiflexible biopolymer
networks.
Superposition in the linear deformation regime
With the microscopic properties we are able to establish
composite networks with comparable architectures. This aspect
is essential to systematically investigate their macro-rheological
behavior since they feature the same mesh size and diﬀer only
in the relative composition of actin and vimentin filaments.
Using bulk shear rheology, we measured the complex shear
modulus G*( f ) = G0( f ) + iG00( f ) and found the highest mean
elastic modulus G0 = G0( f = 1 Hz) of 2.6 Pa for pure vimentin IF
networks. This value gradually decreases for composite networks
with less vimentin content until reaching pure F-actin networks
with G0 = 1.5 Pa (Fig. 3A and Fig. S5 of ESI†). Following the same
Fig. 2 (A) Mesh sizes of composite networks at diﬀerent actin/vimentin ratios obtained by measuring the tube width of embedded actin (red) and
vimentin (green) filaments. Each bar is the mean value of approximately 10 filaments. Adjacent green and red bars belong to the same sample illustrating
that the network architecture can be determined independent of the filament type. Diﬀerences between the actin and vimentin mesh size are in average
smaller than the sample to sample variation. Error bars represent the standard deviation of the mean value. (B) Each data point is the weighted mean of all
actin (red squares) or vimentin (green circles) filaments within one sample containing approximately 10 filaments each. Blue squares display the weighted
means of the presented samples and error bars represent the standard deviation of the mean. The blue line illustrates the mean value of all analyzed
samples showing that the diﬀerent mixing ratios result in same network mesh size.
Fig. 3 (A) The dashed lines represent the mean values of measured G0(f) while the continuous lines are the according fits from the GWLC illustrating the
gradual decrease of G0(f) with decreasing vimentin/increasing actin content. (B) Mean values of the loss factor tan(f) at f = 1 Hz with standard deviations.
The dots represent the results of single measurements and the continuous line is the loss factor from the fit using the GLWC.
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direction, the loss factor tan(f) = G00/G0 increases from very
elastic vimentin filament networks with tan(f( f = 1 Hz)) = 0.15
to less elastic F-actin networks with tan(f( f = 1 Hz)) = 0.45
(Fig. 3B). Composite networks of actin and vimentin filaments
reveal intermediate properties between the extremes.
These findings are in contrast to the results by Esue et al.
presenting emergent properties of composite networks with a
higher stiﬀness than the pure counterparts.16 In this study,
however, the monomer concentration was held constant leading
to varying mesh sizes, i.e. diﬀerent network architectures, which
renders a quantitative comparison non-trivial.
Our data can be explained with the help of the glassy
wormlike chain (GWLC) model proposed by Kroy and Glaser.42
The basic idea of this simple phenomenological model is an
exponential stretching of the filament mode relaxation times
tl 4 tL of all eigenmodes of (half) wavelength l longer than a
characteristic interaction length L, by multiplying a factor
exp(eN). L determines the number N  l/L  1 of interactions
per wavelength l and corresponds to the entanglement length.43
The stretching parameter e can be understood as the character-
istic strength of the free energy barriers in units of kBT or, in
simple words, as a form of kinetic stickiness of the polymers.
A more detailed description of the GWLC is presented in ESI
text (ESI†).
The analysis was performed using self-written Mathematica
(Wolfram Research) scripts. The fit of the linear rheology data
of the pure actin and the pure vimentin networks were obtained
by simultaneously fitting the storage modulus G0( f ) and the
loss factor tan(f( f )) to the mean curves of our measured
data with
GðoÞ ¼ L
5x2wðoÞ; (3)
where o = 2pf and w(o) is the micro-rheological linear response
function of the GWLC to a point force at its ends (see ESI text
for details, ESI†). To minimize the number of fit parameters to
merely two, namely the interaction length L and the stretching
parameter e, we fixed all other parameters to experimental or
reference values, respectively. For the contour lengths we used
the median of all fluorescently labeled filaments (Fig. S4 of
ESI†). This method neglects very short filaments and leads to
longer values than typically obtained from electron microscopy
measurements. It is still a reasonable estimate for our model as
longer filaments also contribute to a greater extent to the
network properties. The mesh size for pure networks was fixed
to 1 mm and the friction z> was set to a typical value for water.
For lp we used 2 mm for vimentin
36 and 10 mm for actin.20 In
addition, we checked that including a non-zero pretension into
the description did not lead to qualitative diﬀerent results. The
used parameters are summarized in Table S1 (ESI†).
The fit quality is very good for both vimentin (R2 = 0.977) and
actin (R2 = 0.979) samples. However, there is an apparent
deviation of the fit with the frequency dependence of the elastic
modulus G0( f ) and the magnitude of the loss factor tan(f( f = 1 Hz))
for F-actin. Both quantities cannot be considered independent of
each other but are in fact related via the Kramers–Kronig relation.44
For F-actin, the mean shear modulus is not a perfect represen-
tation of the network ensemble due to the large sample to
sample variation. Thus, there is a stronger deviation between
model and data.
We find e = 2.6 and L = 95 nm for actin while for vimentin
e = 25.0 and L = 74 nm. Diﬀerent definitions of the fixed
parameters, e.g. using the mean contour length instead of the
median, lead to slightly diﬀerent values for e and L. The pro-
nounced diﬀerences between actin and vimentin are thereby
more important than the absolute values. We interpret e as the
contribution from unspecific (binding) interactions between
filaments. For vimentin those interactions are more pronounced
and arise from inherent hydrophobic interactions45 as well as
divalent ions in the buﬀer.46 The non-vanishing e for actin can
be attributed to minor impurities and aging eﬀects that are
believed to be the main reason for the batch-to-batch variation in
reconstituted F-actin networks.47
Interestingly, all composite networks can be described as a
superposition of the underlying sub-networks. In this context,
we can understand the shear modulus as the product of a
micro-rheological shear modulus g*( f ) = L/5w( f ) with the
dimension of a force and an eﬀective concentration scaling.
Thus, the complex shear modulus of composite networks can
be written as
Gð f Þcomposite ¼
gvimentin
ð f Þ
xvimentin2
þ gactin
ð f Þ
xactin2
; (4)
with x ¼ x0
ﬃﬃﬃﬃﬃﬃﬃﬃﬃ
c0=c
p
. Here, x0 and c0 are the mesh size and protein
concentration of the pure networks as boundary conditions and
c is the protein concentration within the composite network.
With this simple assumption, we can capture the results for
both G0( f ) and tan(f) as presented in Fig. 3 and Fig. S6 of ESI†
by using the previously fitted results for gvimentin* and gactin*.
The small deviations between model and data are again a result
of the sample to sample variation aﬀecting the mean shear
modulus.
We want to emphasize that the frequency dependency of
G*( f ) is more meaningful than the value of the plateau
modulus G0. The simple scaling of G0 with concentration can
be explained with the tube model for actin48 and with the aﬃne
model for vimentin in the presence of MgCl2.
46 However, both
models result in a frequency independent plateau of G0( f ) in
the intermediate frequency regime probed by macro-rheology.
In contrast to a plateau, we find a very flat slope of G0( f ) for
pure vimentin that increases gradually with the actin content.
G0 is consequently not a real plateau modulus but rather a
rough estimate of the network stiﬀness. Additionally, there is
recent experimental evidence that the tube model is not able
predict the correct scaling of G0 with persistence length lP.
26,49
We cannot formulate an alternative persistence length scaling
with the GWLC because lP is not only a simple pre-factor for the
linear response function w(o), but influences the mode relaxation
times tl and the interaction length L, as well. It is conceivable
that filament interactions represented by the stretching para-
meter e constitute an important factor for the discrepancies
between established models and experimental data.
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The superposition of our composite networks is even inde-
pendent of the model. For example, it is possible to approxi-
mate G0( f ) of actin and vimentin with a simple power law
although the actual functional dependence in the GWLC model
is more complicated. This allows to replicate G0( f )composite with
the same concentration scaling used in eqn (4) and demonstrates
the robustness of our conclusion that there are no apparent
attractive forces between actin and vimentin filaments. In the
following paragraphs, we will demonstrate that the superposition
GWLC model is even consistent in the non-linear deformation
regime and the behavior of single filaments.
Diﬀerential shear modulus in the non-linear regime
To verify our interpretations of the results in the linear regime, we
also tested for additive eﬀects in the non-linear regime. Thus, we
measured the diﬀerential shear modulus K as the local derivative
of stress s over strain g with a _g-protocol as described by Semmrich
et al.50 (Fig. 4). For actin, we see weak to no strain-stiﬀening eﬀects
as expected from previously published results.50 Vimentin, in
contrast, has a more pronounced linear regime followed by weak
strain-softening before a strong strain-stiﬀening sets in with
significant higher g and Kmax than for actin, which is in agreement
with previous studies.45 Composite networks feature an intermedi-
ate behavior without any apparent emergent eﬀects. In fact, most
of the single curves have two clearly distinguishable peaks (Fig. S2
and S7 of ESI†) and other peaks in the mean curves presented in
Fig. 4 are only an artifact of the averaging process.
The parameters obtained from fitting G*( f ) can be used to
qualitatively replicate the measured K-curves in the frame of
the GWLC. For this purpose, we use the linear shear-modulus
evaluated at a constant frequency
Go
j jðFÞ ¼ L
5x2 woj jðFÞ
; (5)
as a function of pre-tension F to model K(s) as proposed by
Semmrich et al.50 The macroscopic stress s is related to F via
F = 5sx2 and o is fixed to the employed strain rate _g. A linear
barrier height reduction in the spirit of the Bell–Evens model51
is introduced to account for the effect of pre-tension on the
stretching parameter:
e- e  Fd/kBT, (6)
where d should be interpreted as an eﬀective width of a free
energy well. In this simple extension, K is a function of stress in
contrast to the experimental value that was measured over
strain. Nevertheless, we can use d as the only free parameter
to reproduce the observed phenomenology of actin networks
qualitatively: an initial phase dominated by stress stiﬀening related
to the non-linear elasticity of semiflexible polymers followed by a
stress softening dominated phase, in which force induced fluidiza-
tion represented by changes of the GWLC relaxation spectrum
overcompensates the stress stiﬀening (Fig. 4 inset).
For vimentin networks, however, the phenomenology is more
complicated due to the additional, initial softening regime. A
plausible candidate for such a mechanism is the force induced
lengthening of vimentin filaments resulting from the slippage of
proto-filaments.52 In contrast to F-actin, vimentin filaments can
be stretched more than 3-fold without breaking8 and there is
strong evidence that this mechanism can also be found in
vimentin networks.53 Thus, we focus on modeling the observed
phenomenology by extending the GWLC model with the intro-
duction of a force dependent filament length (ESI Text and
Fig. S8 for details, ESI†). This model qualitatively reproduces
the non-linear behavior of vimentin (Fig. 4 inset).
Other possible softening mechanisms include the occurrence
of force induced slip events probably related to occasional
disentanglement of some polymers. This can lead to an inelastic
deformation that constitutes a softening eﬀect not included in
the GWLC.54,55 There might be mechanisms related to a partial,
force induced disentanglement such as an increase in mesh size
or changes in the network architecture (e.g. shear alignment)
that can lead to an additional softening regime, as well. The
occurrence of these eﬀects can not be excluded completely.
However, there is no straight forward explanation why they
should play a role in vimentin but not in F-actin networks.
It may be tempting to use a simple linear combination of
Kactin and Kvimentin for Kcomposite, as demonstrated in the linear
regime. Such a superposition cannot be justified due to under-
lying inherently non-linear mechanisms. We expect that it is
possible to model composite networks as two non-interacting
networks with diﬀerent e. This detailed modeling in the frame
of the GWLC, however, is beyond the scope of this work.
Stickiness in single filament observation
In the previous paragraphs we showed that the higher stretching
parameter of vimentin compared to actin is the main contribu-
tion of the observed diﬀerences in both the linear and non-linear
regime. In principle, it should be possible to determine e directly
from single filament fluctuations. However, we are not able to
measure e due to a limited range of exposure and observation
Fig. 4 Stiﬀening in biopolymer networks. The diﬀerential shear modulus
K rescaled by its linear value Klin versus strain, which was obtained from the
mean stress–strain-curves, revealed that composite networks feature the
properties of the underlying sub-systems. The inset shows K versus stress
s replicated with the GLWC for actin (red) and vimentin (green).
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times. Another way to investigate the stickiness is the analysis of
the mean-squared displacement (MSD) of the filament center
parallel to the tube to visualize a retarded reptation for lag times
between 0.1 s and 2.5 s (Fig. S9 of ESI†). There exist various
theories for the reptation of semiflexible filaments in semi-dilute
solutions leading to diﬀerent predictions about cross-over times
and the scaling of the MSD.34,43,56,57 Thus, we limit our analysis
to the value of the MSD in the intermediate time regime between
the entanglement time and the rouse time.57,58 For actin, we
typically see this weak power law regime for lag times t Z 1 s.
For vimentin, we find filaments where the MSD is almost a
plateau for all lag times meaning the filament motion is below
the noise level of this measurement. Nevertheless, we can use
the MSD at the lag time t = 2 s to analyze the diﬀerent behavior
of actin and vimentin filaments quantitatively, although this
approach overestimates the MSD (t = 2 s) for vimentin (see
Experimental for details).
Comparing the MSD (t = 2 s) in pure actin and vimentin
networks we see roughly a linear scaling with the tube width of
each filament as predicted by reptation models56,57 (Fig. 5
inset). Therefore, the MSD has to be rescaled by the tube width
to enable a quantitative analysis. Despite the high filament-to-
filament variation, the MSD (t = 2 s)/a of F-actin is significantly
larger than for vimentin filaments in both pure and composite
networks (Fig. 5 and Fig. S10 of ESI†). There are no significant
diﬀerences in the filament behavior between diﬀerent compo-
site networks.
In general, the MSD (t = 2 s) is expected to increase for more
flexible polymers as the main mode of transportation in this
time regime arises from the fluctuations of the filaments.
In our case, we see the opposite behavior where F-actin has a
higher persistence length than vimentin filaments but also a
stronger reptation along the tube. This result becomes clear,
if we identify the stickiness e as an eﬀective friction z that slows
down filament reptation (see also ESI text, ESI†). Thus, we can
use the MSD of single filaments to compare the eﬀective
filament friction in our samples. This quantitative diﬀerence
is consequently consistent with the significant higher e for
vimentin.
Conclusion
In conclusion, by linking single filament behavior directly
to macroscopic network properties, we have shown that the
mechanical properties of composite networks can be extra-
polated from their respective substructures as a superposition
in the frame of the GWLC. Stronger inter-filament interactions
for vimentin were identified as the main distinction between
actin and vimentin filament networks.
The absence of direct actin–vimentin interactions suggests
that cells can tune their mechanics by simply changing the
molecular content of one or both components. The cytoskeleton
is of course more complicated and contains various passive cross-
linking proteins as well as motor proteins acting as active cross-
linkers. Inherently complex emergent effects between actin and
vimentin, as reported in previous studies, would interfere with a
precise control of the network behavior through cross-linking
mechanisms. Our findings clearly emphasize that sophisticated,
concentration-depended feedback mechanisms are unneces-
sary for cells to adjust their mechanic properties. The next step
for understanding interactions between actin and IFs would be
composite networks of actin and keratin filaments. Such sys-
tems where introduced recently by Deek et al.59 In this study,
the architecture of the keratin network is strongly influenced
by the presence of F-actin. A rheological characterization of
such systems and a comparison with our results could poten-
tially shed new light on the role of vimentin and keratin IFs
during EMT.
By incorporating single vimentin filament stretching into the
non-linear network behavior, we support the hypothesis that
unfolding of IFs provides strength to cells under large deforma-
tions8,52 functioning eﬀectively as a ‘‘safety belt’’.5 We show that
biopolymer networks appear to have a certain degree of inter-
actions even without cross-linking proteins illustrating that they
can be neither treated as purely entangled nor cross-linked
networks. Thus, the presented study is a step towards bridging
the gap between these diﬀerent theoretical approaches to
establish a unifying model that explains biopolymer networks
in general by including sticky interactions.
Conflicts of interest
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Fig. 5 Single filament tracking. The median MSD of the filament center
parallel to the tube at a lag time of 2 s rescaled by tube width a of actin (red
squares) and vimentin (green circles) filaments embedded in actin, vimentin,
and composite networks. This illustrates the lower motility of vimentin
filaments compared to actin filaments. Error bars are the median absolute
deviation with nZ 9. The inset shows the MSD (t = 2 s) versus tube width of
single actin (red) and vimentin (green) filaments in pure networks. The black
line illustrates a linear scaling as a guide to the eye.
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Figure S1. The transmission electron microscopy image of a composite actin/vimentin network
illustrates that both biopolymers co-polymerize under the same conditions (here polymerization for
20 min at 37 ◦C) forming an interwoven network, which was subsequently fixed with Glutaraldehyde
for imaging. Arrow heads indicate single actin (red) and vimentin (green) filaments. The scale bar
is 200 nm.
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Figure S2. Differential shear modulus K rescaled by its linear value Klin versus strain for different
network compositions. Thick dashed lines are obtained from the mean stress-strain curves. (A),
vimentin 1 g/l. (B), vimentin 0.75 g/l actin 0.125 g/l. (C ), vimentin 0.5 g/l actin 0.25 g/l. (D),
vimentin 0.25 g/l actin 0.375 g/l. (E), actin 0.5 g/l. (F), Linear differential shear modulus Klin
versus plateau modulus G0 = G′(f = 1 Hz).
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Figure S3. (A), Shown is the tube width versus concentration in pure actin (red) and pure vimentin
(green) networks with the black line indicating the scaling predicted by the tube model with a power
law exponent of −3/5. (B), Mesh size versus rescaled concentration in pure actin (red) and pure
vimentin (green) networks are displayed with black dashed line indicating the scaling predicted by
the tube model with a power law exponent of −0.5. Data points in A and B are the weighted mean
of all filaments within one sample. Error bars represent the standard deviation of the weighted
mean.
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Figure S4. Length distribution of the fluorescently labeled actin and vimentin filaments in the
composite and pure actin and vimentin samples presented in Fig. 2B in the main text. The number
of filaments is n = 136 for F-actin and n = 153 for vimentin IF.
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Figure S5. Pseudo plateau modulus G0 = G′(f = 1 Hz). Data points are the mean values with
standard deviation. Black line are the results from the superposition described by Eq. 4 in the
main text.
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Figure S6. Loss factor tan(φ) = G′′/G′ over frequency. Data points are the mean values of all
measurements. Straight lines are the results of the GWLC fits.
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Figure S7. Critical strain γcrit defined as the strain of a peak in the differential modulus K. Data
points are the mean values with standard deviation. Peak 1 in composite network is defined as the
peak with the smaller γcrit. This shows, that peak 1 can be attributed to the underlying F-actin
network while peak 2 can be attributed to the underlying vimentin IF network.
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Figure S8. Sketch of the bimodal energy-landscape used for modeling weak reversible binding
mechanisms. To transition from the closed to the open state, an energy barrier of height ∆E has to
be overcome.
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Figure S9. MSD of the filament center parallel to the tube for actin (dark red) and vimentin (dark
green) filaments rescaled by the tube width a. Thick lines are the median of all actin (red) and
vimentin (green) filaments of the respective network composition. (A) Pure actin at 0.5 g/l and
pure vimentin at 1 g/l, (B) actin 0.125 g/l vimentin 0.75 g/l, (C ) actin 0.25 g/l vimentin 0.5 g/l,
and (D) actin 0.375 g/l vimentin 0.25 g/l.
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Figure S10. Histogram of the MSD at a lag time τ = 2 s rescaled by tube width a of the actin and
vimentin filaments in composite and pure actin and vimentin networks presented in Fig. 5 of the
main text. The median MSD(τ = 2 s)/a is 4.1 µm for F-actin with n = 59 and 2.0 µm for vimentin
IF with n = 55. Despite a strong filament to filament variation, both distributions are significantly
different with p = 9× 10−6 obtained from a Kolmogorow-Smirnow test.
linear rheology:
temperature T 293 K
contour length actin L 16µm
contour length vimentin L 18µm
persistence length actin lp 10µm
persistence length vimentin lp 2 µm
drag coefficient per length ζ⊥ 2 mPa·s
mesh size of the pure networks ξ0 1 µm
non-linear rheology:
characteristic width of a free energy well δ 0.9 nm
energy difference between the bound and the unbound state U 2.5 kBT
control parameter for filament lengthening S 0.3
distance between bound and unbound state ∆x 2 nm
Table S I. Fixed parameters for the description of the linear rheology and non-linear rheology.
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The glassy wormlike chain
For the theoretical description of the measured data we used the glassy wormlike chain
model (GWLC) [1]. As a simple extension of a standard polymer model – the wormlike
chain (WLC) – the GWLC describes the time-dependent rheological properties of cells as
well as semiflexible polymer networks by modeling the interactions of a test chain with its
soft environment via an exponential stretching of the WLC mode relaxation spectrum. In
particular the WLC mode relaxation times τWLCn = ζ⊥/(κpi4/λ4n + fpi2/λ2n) are stretched
according to:
τGWLCn =

τWLCn if λn ≤ Λ
τWLCn eεNn if λn > Λ.
(1)
Here, λn = L/n is the (half-) wavelength of the n-th mode, L the contour length of the
test filament, Λ the typical distance between two interactions, f describes a homogeneous
backbone tension accounting for existing pre-stress, ζ⊥ the transverse drag coefficient, and κ
the bending rigidity which is related to the filament’s persistence length lp via κ = lpkBT .
The number Nn = λn/Λ− 1 of interaction points associated to the n-th mode is set to 0 for
modes shorter than Λ. ε is the stretching parameter controlling how strong the modes are
slowed down by interactions with the environment.
The physical picture behind this scheme is that of a test polymer diffusing in a rough
free energy landscape created by the surrounding polymers. In this picture the interactions
correspond to the wells of this landscape separated by energy barriers of typical height ε. The
GWLC mode relaxation spectrum given in equation 1 can then be introduced in a consistent
way by assuming that in the considered free energy landscape the mode-number-dependent
friction is given by:
ζ⊥(n) =

ζ⊥ if λn ≤ Λ
ζ⊥eεNn if λn > Λ.
(2)
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Linear rheology
In the frequency domain, the micro-rheological, linear response function χ(ω) of the
GWLC to a point force at its ends can be expressed as the sum of mode contributions:
χ(ω) = L
4
pi4l2pkBT
∞∑
n=1
1
(n4 + n2f/fE) (1 + iωτGWLCn /2)
. (3)
From χ(ω), the complex linear modulus G∗(ω) in the high frequency limit can be obtained
assuming affine deformations:
G∗(ω) = Λ5ξ2χ(ω) . (4)
Within these expressions, fE = κpi2/L2 is the Euler buckling force and ξ denotes the mesh
size. The sum converges rapidly for λn > Λ so that high precision can be obtained by adding
a small number of mode contributions.
Non-linear rheology
To model inelastic filament lengthening, we assume that the increase of the filaments
contour length is related to a slippage of proto-filaments, which requires the opening of
transient bonds between proto-filaments or the unfolding of protein domains. Following
standard procedures [2] based on the Bell-Evans-model [3], we represent the force dependent
dynamics of such weak reversible binding mechanisms (to which we refer as bonds) via a
first order rate equation for the time dependent probability ν(t, f) that a bond is found in
the closed state in the presence of an external force f :
ν˙(t, f) = −k-(f)ν(t, f) + k+(f)(1− ν(t, f)), (5)
where the force dependency of the transition rates k-(f) and k+(f) is chosen according to
the Bell model [4]:
k-(f) = k0 · e∆E+β∆xcf (6)
k+(f) = k0 · e∆E−β∆xof+U , (7)
where k0 is a microscopic attempt rate. The underlying picture of this description bonds is
an ensemble of virtual particles diffusing in an asymmetric bimodal potential (Fig. S6). The
two energy minima at x = 0 and x = ∆xo + ∆xc describe the closed and the open state of
9
the bond, respectively. The energetic minimum representing the closed state minimum is set
to zero and that of open state to U . The two minima are separated by an energy barrier of
height ∆E at x = ∆xc.
To link ν(t, f) to the GWLC we replace the constant contour length L by a contour length
L(ν(t, f)) that depends on the state of the bonds. In particular we choose a linear coupling:
L→ L(ν∞(t, f)) = L0 [1 + S (ν∞(0, 0)− ν∞(t, f))] , (8)
where S is the coupling constant. This simplifying ansatz (Eq. 8) rests on the assumption
that L(ν∞(t, f)) has the character of a slow variable. It is employed because here, we are
only interested in a minimal description whereas the full problem of combining a description
of a weak reversible binding mechanism with a polymer model on microscopic grounds is in
general very complicated and beyond the scope of this paper.
Further we consider only the limit of an externally applied forces changing slowly compared
to 1/(k0exp(∆E)) so that ν(t, f) has enough time to equilibrate and thus, is well approximated
by the time-independent equilibrium value νeq(f):
νeq(f) = (1 + exp[−U + ∆xf ])−1, (9)
with ∆x = ∆xc+∆xo. Combining Eq. 9 with Eq. 8 yields an expression for a force-dependent
filament length L(f) then reads:
L(f) = L0
[
1 + S · sinh(f∆x/2)cosh(U − f∆x/2) + sinh(f∆x/2)
]
. (10)
which can be plugged in the description of the differential modulus described above. The
resulting differential modulus then shows an initial softening regime, caused by an increasing
L(f) as observed in the experiments.
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3 Results and Discussion
3.4 The Role of Stickiness in the Rheology of
Semiflexible Polymers
The content of this chapter is the authors manuscript of "The Role of Stickiness in the
Rheology of Semiflexible Polymers" by Tom Golde, Martin Glaser, Cary Tutmarc, Iman
Elbalasy, Constantin Huster, Gaizka Busteros, David M. Smith, Harald Herrmann, Josef
A. Käs and Jörg Schnauß.
The paper is currently under revision at Physical Review Letters.
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Semiflexible polymers form central structures in biological material. Modeling approaches usually
neglect influences of polymer-specific molecular features aiming to describe semiflexible polymers
universally. Here, we investigate the influence of molecular details on networks assembled from
filamentous actin, intermediate filaments, and synthetic DNA nanotubes. In contrast to prevalent
theoretical assumptions, we find that bulk properties are affected by various inter-filament interactions.
We present evidence that these interactions can be merged into a single parameter in the frame of the
glassy wormlike chain model. The interpretation of this parameter as a polymer specific stickiness
is consistent with observations from macro-rheological measurements and reptation behavior. Our
findings demonstrate that stickiness should generally not be ignored in semiflexible polymer models.
Semiflexible polymers play a central role in biological
systems as major building blocks of intracellular scaffolds
and extracellular matrices. Among the most abundant
semiflexible cytoskeletal biopolymers are filamentous actin
(F-actin) and intermediate filaments (IF) [1, 2]. Network
structures formed by these polymers exhibit unique vis-
coelastic properties, which cannot be easily deduced from
the well-established theoretical frameworks for linear flex-
ible polymers or rigid rods [3]. Classical polymer physics
theories typically try to avoid details of molecular prop-
erties and mostly reduce semiflexible polymers to their
size and stiffness in order to establish universal models.
Networks are modeled either as entangled networks, as
in the tube model [4–6], or as cross-linked networks as
in the affine model [7]. Many features of the tube model,
such as the scaling of the plateau modulus with monomer
concentration and the behavior of single filaments within
a network, indeed fit very well to the experimental data
for F-actin [4, 8]. The affine model has been demonstrated
to predict the correct scaling of the plateau modulus in
terms of concentration and cross-linker density for cross-
linked F-actin [9, 10], but also for vimentin and keratin
IF in the presence of MgCl2 [11–13].
In reality, however, biopolymers without added cross-
linkers already display adhesive interactions partially
screened by electrostatic repulsion [14–17]. For F-actin,
minor impurities and aging effects are reported to cause
a strong batch-to-batch variation of the network proper-
ties [6, 18]. IF networks feature pronounced hydrophobic
interactions causing a weak concentration scaling of the
network stiffness and a pronounced strain-stiffening in the
non-linear deformation regime [19–21]. These effects can
neither be explained by the tube nor by the affine defor-
mation model. Furthermore, recent experimental studies
on F-actin and DNA-based semiflexible polymers present
evidence that central predictions of the tube model in
respect to the persistence length lp might be false [22, 23].
Here, we employ the natural filaments F-actin, vimentin
and keratin IF as well as purely artificial double-crossover
DNA nanotubes (DX tubes) in order to investigate the
influence of (unspecific) adhesive interactions on the rheol-
ogy of semiflexible polymer networks. DX tubes are used
as an additional synthetic semiflexible polymer model-
system based on the self-assembly of DNA tiles [24, 25].
These tubes, with a diameter between 7 and 20 nm, a per-
sistence length of around 4 µm, a contour length of several
micrometers, and a negative surface charge, were chosen
for their similarity to the biopolymers under investigation
(Table SI [26]).
FIG. 1 displays typical results for F-actin (0.5 g/l),
DX tubes (1 g/l), vimentin (1 g/l) and keratin K8/K18
(0.5 g/l) IF networks. The monomer concentrations were
chosen in order to have a comparable mesh size (See Sup-
plemental Material [26]). All networks feature a storage
modulus G′ that appears flat, but in fact behaves like a
weak power law. F-actin and DX tubes display a begin-
ning cross-over between G′ and the loss modulus G′′ while
the cross-over frequency for vimentin and keratin IF has
been previously shown to appear at frequencies higher
than probed by macro-rheology [20]. The cross-over of G′
and G′′ denotes the transition from network properties
dominated by filament interactions for low frequencies to
the high frequency regime dominated by single filament
behavior [27].
In order to enable a quantitative comparison of differ-
ent polymers and samples, we characterized the shear
modulus via an approximation of the elastic modulus
by a local power law G′(ω) ∝ ωα with exponent α in
the frequency regime below the cross-over. For IF, the
local power law exponent α is around 0.07 and it is about
twice as large for F-actin and DX tubes with α ≈ 0.14
[FIG. S1 [26]]. Additionally, we display the loss factor
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Figure 1. Typical storage modulus G′ (solid symbols) and
loss modulus G′′ (open symbols) versus frequency. Black lines
are the result of fitting G’(solid) and G”(dashed) simultane-
ously with Eq.(2) of the GWLC. Although the curves roughly
resemble a rubber plateau, they in fact follow a weak power
law. The cross-over frequency between G′ and G′′ significantly
varies for different polymer types.
tan(φ) = G′′/G′ at a fixed frequency of 1 Hz. This fre-
quency was chosen to avoid experimental noise in the
low frequency regime while still maintaining a frequency
independent loss factor for most samples [FIG. S2 [26]].
The loss factor has a strong sample to sample variation
for F-actin (tan(φ) = 0.40± 0.11) and decreases over DX
tubes and vimentin to keratin (tan(φ) = 0.11 ± 0.02),
meaning the networks become more elastic [FIG. S1 [26]].
We recently demonstrated that α and tan(φ) of com-
posite networks of actin and vimentin filaments have
intermediate values in comparison to pure networks [28].
They can be tuned simply by the ratio of actin and vi-
mentin filaments in the network. However, both the tube
and the affine model predict only a flat plateau for fre-
quencies below the cross-over [4, 6, 7]. These models
are typically used to compare only the scaling predic-
tions of the network stiffness with experimental data
[4–7, 9, 10, 22, 23, 29–34]. To our knowledge, a study by
Schmidt et al. presents the sole fit of the tube model to a
measured frequency dependence of G′ and G′′ and shows
only a rough agreement [35]. Thus, we need a different
model for explaining the actual frequency dependence of
the complex shear modulus.
The observed weak power laws are reminiscent of soft
glassy systems and have been shown to be a main feature
of micro-rheological experiments in cells, as well [36]. A
phenomenological model providing a description of the
weak power law behavior on a network level is the glassy
wormlike chain model (GWLC) established by Kroy and
Glaser [37]. This model is an extension of the worm-
like chain (WLC), the minimal model of a semiflexible
polymer. The constituting idea is that the mode relax-
ation times τn of all eigenmodes of (half-)wavelength λ
and modenumber n that are longer than a characteristic
interaction length Λ are stretched exponentially:
τGWLCn =
{
τWLCn if λn ≤ Λ
τWLCn eεNn if λn > Λ.
(1)
Here, Nn = λn/Λ − 1 is the number of interactions per
length λ. ε is the stretching parameter controlling how
strong the modes are slowed down. The assumption of an
exponential stretching is directly supported by the exper-
imental observation of logarithmic tails of the dynamic
structure factor in F-actin solutions [38]. The complex
linear shear modulus in the high frequency regime is:
G∗(ω) = Λ/(5ξ2χ(ω)), (2)
where ξ is the mesh size and χ(ω) is the micro-rheological,
linear response function to a point force at the ends of
the GWLC at frequency ω. The specific model used for
this study has been comprehensively described previously
[28] and more details are presented in the Supplemental
Material [26].
We can fit Eq. (2) directly to the macro-rheological data
in the linear regime for each sample. The fit parameters
are the mesh size ξ, the interaction length Λ and the
stretching parameter ε. All other parameters were fixed
to literature values or experimentally obtained (see Table
SI [26]). Λ is determined by the cross-over frequency
ωΛ = 2pi5lpkBT/
(
ζ⊥Λ4
)
with transverse drag coefficient
ζ⊥. For the fitting of the IF networks, Λ is assumed to
be below, but of the same order of magnitude as Λ for
F-actin and DX tubes to account for a larger ωΛ [FIG.
S7 [26]]. ε is the parameter that defines the functional
dependence of G∗(ω) for frequencies ω < ωΛ. ξ is used as
a free fit parameter to obtain the correct network stiffness
because it only shifts the magnitude of G∗ without any
influence on the functional dependency.
We then compare ε with the local power law exponent
α and the loss factor tan(φ) (FIG. 2). It is worth noting
that α, tan(φ) and ε are directly connected in the theory
and their relation can be approximated analytically for
εº 1 as presented in Ref. [39]. The comparison reveals
that a small loss factor correlates with a small power law
exponent. Moreover, we find significant differences in ε
between all polymer types with mean values ± standard
deviation of 6.7± 2.7 for actin, 13.4± 2.8 for DX tubes,
24.9± 1.7 for vimentin and 31.8± 7.2 for K8/K18 [FIG.
S1 [26]].
The original study by Kroy and Glaser suggests the in-
terpretation of ε as a kinetic "stickiness" parameter [37]. ε
can be thought of as the height of the free energy barriers
of unspecific filament-to-filament interactions in units of
kBT [38, 40]. Later interpretations suggest a test polymer
that can bind and unbind to "sticky" entanglement points
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Figure 2. Local power law exponent of G′ ∝ ωα (open sym-
bols) and loss factor tan(φ) = G′′/G′ (solid symbols) versus
stretching parameter ε. Each pair of data points represents
one sample. The exponent was obtained from fitting G′ with a
power law for frequencies smaller than the cross-over between
G′ and G′′. The loss factor was obtained from fitting tan(φ)
locally with a power law at a frequency of 1Hz. ε is the result
from fitting the complex shear modulus G∗ to Eq.(2) for each
sample. Dashed lines are the numerical results of an exemplary
G∗GWLC where all parameters except ε are fixed.
by overcoming the energy barrier, which slows the con-
tributions from long-wavelength bending modes during
relaxation [40]. In the following, we will demonstrate
that ε appears indeed as a polymer specific stickiness
that combines all filament-to-filament interactions into
one number.
A look at the molecular details of biopolymers suggests
several adhesive interactions as plausible candidates for
sticky interactions. Since semiflexible biopolymers are
relatively massive multi-molecular assemblies, errors such
as misfoldings or hydrophobic loops [41] are expected
to occur in general on a purely stochastic basis. While
F-actin networks are considered as a model system for en-
tangled semiflexible polymer networks, the batch-to-batch
variation is suggested to be caused by very small amounts
of cross-links[6, 18]. DX tubes appear similar to F-actin
in regards to their polyelectrolyte properties [16]. The
higher ε could be a consequence of mishybridiazation dur-
ing the assembly. The large ε of IFs can be explained by
their dominant hydrophobic interactions [19, 20]. These
interactions are partially mitigatied by electrotstactic re-
pulsion between vimentin IF [15], leading to a smaller
ε in comparison to keratin. A more detailed discussion
of filament-to-filament interactions can be found in the
Supplemental Material [26].
The experimental data can be further compared to the
model by calculating an exemplary G∗GWLC. The model
parameters are fixed to contour length L = 18µm, lp =
4 µm, Λ = 1 µm, and ξ = 0.2 µm, resembling intermediate
values of the experimental results, and only ε is varied.
The obtained G∗GWLC(ε) are analyzed for each ε in the
same way as the rheological data.
Remarkably, the resulting curves for αGWLC(ε) and
tan(φ)GWLC(ε) can already be viewed as a master curve
for the experimental data without any rescaling, although
L,lp,Λ and ξ differ for every polymer type [FIG. 2]. A
better agreement between experimental data and the
GWLC can be reached by calculating G∗GWLC(ε) for each
polymer [FIG. S3 [26]].
In contrast to α and tan(φ), ε is significantly different
for all four polymers [FIG. S1 [26]]. Thus, ε is not only
the key parameter of the GWLC, but it might be a key
factor for deriving a universal master curve that unifies
systems with fundamentally different molecular details,
as well. It appears as a very robust quantity for char-
acterizing the linear rheological behavior of semiflexible
polymer networks and seems to provide a more universal
description of network properties than the pseudo plateau
modulus G0.
In contrast to the linear regime, it is well-known that
the behavior of F-actin and IF at large deformations is
drastically different to each other [42, 43]. To investigate
these differences, the GWLC can be extended to the non-
linear regime and the differential shear modulus K =
dσ/dγ, defined as the derivative of stress σ over strain γ,
can be measured with a γ˙-protocol as described previously
[28](see Supplemental Material for details [26]). Although
K is measured in dependency of γ as in FIG. S4 [26], it
can be displayed over σ to enable a comparison with the
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Figure 3. Differential shear modulus K = dσ/dγ rescaled by
its value in the linear regime Klin versus stress σ. Solid lines
are single measurements. Dotted lines are replicated curves
with the non-linear extension of the GWLC. F-actin and DX
tubes have a similar behavior with weak to no strain-stiffening.
Strain-stiffening is more pronounced for vimentin IF while
keratin IF have the highest peak value Kmax at a much larger
σ. F-actin and vimentin IF data reproduced from [28].
4model [FIG. 3].
With this method, we are able to replicate K for F-
actin, DX tubes and vimentin filament networks [FIG. 3,
Table SI [26]]. The initial softening of vimentin IF can
be captured by an additional bond-breaking mechanism
as described previously [28]. For keratin K8/K18, we can
shift the peak of K to the correct σ, but underestimate
Kmax by an order of magnitude. The phenomenology of
keratin IF is potentially based on strong filament interac-
tions as well as a small lp leading to two different slopes
for K due to a cross-over from a bending to a stretching
dominated regime. This behavior is better described by
a triangular lattice model for physiological cross-linked
networks [44]. Keratin IF act as some kind of limiting
case for the applicability of the GWLC in the non-linear
regime. The observation that the polymer with the largest
ε behaves more like a cross-linked network supports the
interpretation of ε as stickiness.
The constituting idea of the GWLC in Eq. (1) can be
implemented using an effective mode dependent friction
transversal to the filament ζn = ζ⊥exp(Nnε) for λn > Λ
as well. If this increase of the transversal friction is indeed
caused by sticky interactions, this should also increase
the longitudinal friction and slow down the reptation of
single filaments within the network. To test this reasoning,
we observed embedded fluorescent tracer filaments and
analyzed the mean-squared displacement (MSD) of the
filament center parallel to the tangent vector as described
previously [22, 28]. Unfortunately, this technique is not
applicable for keratin because there is no live stain for
native keratin IF leading to their exclusion from the
following analysis. For the following examination, the
"tube" is simply the space formed by the geometrical
constraints due to the surrounding filaments that can be
probed by a test polymer [45].
A quantitative comparison between different polymer
networks can be achieved by looking at the MSD at τ =
2 s, where the MSD is in a weak power law regime, rescaled
by the tube width a [FIG. 4] [46, 47]. In this regime, the
MSD is independent of the polymer length. We use the
MSD instead of the more common longitudinal diffusion
coefficient because there is no diffusion for the stick-slip
like systems investigated here.
Both F-actin and DX tubes reveal a strong filament-to-
filament variation with similar distributions. The distribu-
tion of vimentin IF is dominated by significantly smaller
values in comparison to both F-actin (p = 1.6× 10−3)
and DX tubes (p = 3.1× 10−2) [FIG. 4(b), FIG. S5 [26]].
The main difference between F-actin and DX tubes is
that some DX tubes have a flat MSD. This implies that
they are stuck at their respective position and hints at
mishybridization during the assembly process. Such a
behavior was not observed for F-actin [FIG. S5, [26]].
In the tube model, the MSD(τ = 2 s)/a is expected to
increase for smaller persistence lengths because the mode
of transportation is dominated by filament undulations
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Figure 4. (a) MSD of the filament center parallel to the tube
rescaled by tube width a versus lag time τ . The lines are the
median of all observed filaments with n ≥ 10. (b) Distribution
of MSD at lag time τ = 2 s rescaled by tube width a. Each
data point is a single filament. The black cross denotes the
median and illustrates that the overall motility decreases from
F-actin over DX tubes to vimentin IF.
in this time regime [46]. Here, we see the exact opposite
behavior. This means the assumption behind the persis-
tence length scaling is either violated or overwritten by
an additional factor like the proposed effective friction.
Recent Brownian dynamics simulations of entangled so-
lutions of semiflexible polymers by Lang and Frey demon-
strate, that polymer relaxation might have to be consid-
ered as a many-body effect with dynamic correlations
instead of a diffusive motion along a tube[48]. Their
simulations demonstrate that varying friction coefficients
strongly influence the interplay of a tracer polymer with
its surrounding . This friction is not necessarily the same
as the proposed sticky interactions. Including stickiness,
however, could provide further insight into relaxation pro-
cesses within a network that seem to be more complicated
than assumed by the tube model.
The motion of the tracer filaments could potentially be
influenced by the attached fluorescent dye. However, the
labeling alone does not seem to impede filament motion in
networks [8, 22, 49]. Thus, the decrease of the MSD(τ =
2 s)/a from F-actin over DX tubes to vimentin IF while ε
increases, supports the interpretation of ε as a polymer
stickiness, which increases the longitudinal friction and
slows down filament motion.
Considering the discussed limitations, it is remarkable
that the GWLC captures most of the linear and non-linear
macro-rheological properties of the semiflexible polymer
networks investigated here. The stretching parameter ε
is more than a simple free fit parameter. Our results
consistently support the interpretation of ε as a poly-
mer specific stickiness that strongly affects rheological
characteristics and might be able to overwrite scaling
predictions in classical semiflexible polymer theories. The
different magnitudes of stickiness for F-actin and IF may
help to get a better understanding of their roles in living
cells. Cells are able to modify network structures with
numerous binding proteins, especially for F-actin. How-
ever, inherent sticky interactions such as hydrophobic
interactions for IF, would limit the ability to further tune
5network properties. At the same time, the high stickiness
of IF contributes to their non-linear behavior and possibly
influences cell properties under large deformations. We
expect that the GWLC can also be used to analyze other
sticky semiflexible polymers such as the recently investi-
gated temperature dependent hydrophobic interactions
in α-synuclein fibril networks [17]. While the simplistic
phenomenological nature of the GWLC diminishes some
explanatory power, it shows that inter-filament stickiness
impacts semiflexible polymer networks and should be con-
sidered in polymer models aiming to fully describe the
dynamics of such systems. The large size and high com-
plexity of semiflexible polymers makes filament misfolding
and impurities likely, even for supposedly interactionless
proteins like F-actin. Including stickiness as a universal
feature in semiflexible polymers means a paradigm shift
in classical polymer physics because it allows to unify
systems that where to date treated either as purely en-
tangled or chemically cross-linked. This approach might
help to further explain and resolve the current discrepan-
cies between established models and experimental data
[22, 23].
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MATERIALS AND METHODS
Keratin
Recombinant human keratins K8 and K18 were expressed, purified and prepared as de-
scribed in [1, 2]. Briefly, proteins were expressed in E. coli, purified and stored in 8 M urea
at −80 ◦C. Before use, K8 and K18 were mixed in equimolar ratios and renatured by dial-
ysis against 8 M urea, 2 mM Tris–HCl (pH 9.0) and 1 mM DTT with stepwise reduction of
the urea concentration (6 M, 4 M, 2 M, 1 M, 0 M). Each dialysis step was done for 20 min at
room temperature, then the dialysis was continued overnight against 2 mM Tris-HCl, pH 9.0,
1 mM DTT at 4 ◦C. The dialyzed protein was kept on ice for a maximum of four days. The
final protein concentration was determined by measuring the absorption at 280 nm using a
DU 530 UV/Vis Spectrophotometer (Beckman Coulter Inc., USA). Assembly of keratin was
initiated by addition of an equal volume of 18 mM Tris–HCl buffer (pH 7.0) to renatured
keratins resulting in a final buffer condition of 10 mM Tris–HCl (pH 7.4).
Double-Crossover DNA Nanotubes
All oligomers for hybridization of the DNA nanotubes were adapted from Ekani-Nkodo
et al. [3][Table SII] and purchased from Biomers.net with HPLC purification. In order
to assemble a nanotube network of a desired concentration the required strands (SE1-SE5)
were mixed in equimolar concentration in an assembly buffer containing 40 mM Tris-acetate,
1 mM EDTA and 12.5 mM Mg2+ (pH 8.3). The concentration of each stock solution was
confirmed spectrophotometrically by a NanoDrop 1000 (Thermo Fisher Scientifc Inc., USA)
at a wavelength of 260 nm. These strands were hybridized in a TProfessional Standard
PCR Thermocycler (Core Life Sciences Inc.,USA) by denaturation for 10 min at 90 ◦C and
complementary base pairing for 20 h between 80 ◦C and 20 ◦C by lowering the temperature by
0.5 K every 10 min. After hybridization DNA nanotubes were stored at room temperature.
For visualization the oligomer SE3 was modified with the fluorescent Cyanine dye 3 with
two additional spacer thymine bases in between. DNA nanotubes were labeled by partially
or fully replacing the unlabeled oligo SE3 by SE3-Cy3.
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Actin
Monomeric actin (G-actin) was obtained with an acetone powder prep from rabitt muscle,
purified, and stored at −80 ◦C in G-Buffer (2 mM sodium phosphate buffer pH 7.5, 0.2 mM
ATP, 0.1 mM CaCl2, 1 mM DTT, 0.01 % NaN3) as described previously [4]. Small sample
volumes were thawed and kept on ice no longer than one day before experiments. The
polymerization to F-actin was always induced by adding 1/10 volume fraction of 10 times
concentrated F-Buffer (20 mM sodium phosphate buffer pH 7.5, 1 M KCl, 10 mM MgCl2,
2 mM ATP, 10 mM DTT) to the final sample solution. F-actin was fluorescently labeled
by polymerizing G-actin at 5µM in a 1 : 1 ratio with Phalloidin–Tetramethylrhodamine B
isothiocyanate (Phalloidin-TRITC - Sigma-Aldrich Co., USA).
Vimentin
Human vimentin was obtained from recombinant expression in E.coli and purified from
inclusion bodies as described by Herrmann et al. [5]. Before the assembly into filaments, the
purified vimentin was dialyzed in a stepwise fashion from 8 M urea against a 2 mM sodium
phosphate buffer at pH 7.5 and kept on ice for a maximum of four days [6]. Polymerization
was induced as described for actin. Fluorescent labeling was performed with Alexa Fluor 488
C5 Maleimide (Thermo Fisher Scientifc Inc., USA) as described by Winheim et al. [7]. The
only modification was the removal of excess dye by elution over PD-10 Desalting Columns
(GE Healthcare, USA). Unlabeled vimentin monomers were mixed with about 10 % labeled
monomers before dialysis to obtain fluorescently labeled filaments.
Shear Rheology
Shear rheology measurements were performed with a strain controlled ARES rheometer
(TA Instruments, USA) equipped with a 40 mm plate-plate geometry at a gap width of
140µm. Biopolymer solutions were mixed on ice and assembled directly on the rheometer for
2 h at 25 ◦C (Actin, Vimentin) or 20 ◦C (K8/18). Hybridized DX tubes were carefully placed
on the rheometer and allowed to equilibrate for 2 h at 20 ◦C. To prevent both evaporation and
artifacts from interfacial elasticity, samples were surrounded with sample buffer and sealed
by a cap equipped with wet sponges. A dynamic time sweep with short measurements every
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60 s at frequency of 1 Hz and a strain of 5 % was used to record filament assembly and
equilibration. G∗(ω) was measured with a dynamic frequency sweep ranging from 0.01 Hz
to 80 Hz at a strain of 5 %. Fitting was performed with a self-written script in Mathematica
(Wolfram Research, USA).
The differential shear modulus K = dσ/dγ was obtained from transient step rate mea-
surements at strain rates of 0.025 s−1,0.1 s−1, and 0.25 s−1 directly after G∗(ω) measurements.
The resulting stress-strain curves were smoothed with a spline fit in MatLab (MathWorks,
USA) and K was defined as the gradient of stress σ divided by the gradient of strain γ.
Mesh Size
The mesh size of a semiflexible polymer network can be estimated by assuming a simple
cubic network of rigid rods with the mass per length mL and the protein concentration c:
ξ =
√
3mL
c
. (1)
WithmL = 2.66× 10−11 g/m for F-actin [8], 4.40× 10−11 g/m for DX tubes [9], 5.48× 10−11 g/m
for vimentin IF [1, 10]and 3.15× 10−11 g/m for keratin K8/K18 IF [11] the employed con-
centrations (cactin = 0.5 g/l, cDX = 1.0 g/l, cvimentin = 1.0 g/l, ckeratin = 0.5 g/l) should lead
to networks with similar mesh sizes (ξactin = 0.40 µm, ξDX = 0.36 µm, ξvimenin = 0.41 µm,
ξkeratin = 0.43 µm.
Reptation Measurements
Samples for single filament observations were prepared and analyzed as described pre-
viously [12]. Both fluorescently labeled actin and vimentin were polymerized for one hour
at room temperature. Labeled filaments were gently mixed with unlabeled monomers to
a molar ratio between 1:2000 and 1:20000 and polymerized for one hour at 37 ◦C. (±)-6-
Hydroxy-2,5,7,8-tetramethylchromane-2-carboxylic acid (Trolox - Sigma-Aldrich Co., USA)
was added to a final concentration of 2 mM as an anti-photobleaching agent due to its rad-
ical scavenging and antioxidant activities. Labeled DX tubes were carefully pipetted into
an unlabeled DX tube network containing no anti-photobleaching agents. The mixtures of
labeled filaments embedded in an unlabeled network were placed between two glass slides, as
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described by Golde et al. [13]. F-actin samples were kept at room temperature for one hour
prior to observation. Specimen with pure vimentin were polymerized directly in the sam-
ple chamber for two hours at room temperature. DX tube samples were left to equilibrate
overnight at room temperature.
Images of the embedded tracer filaments were recorded via an epifluorescence microscope
(Leica DM-IRB, 100x oil objective, NA 1.35 - Leica Camera AG, Ger) equipped with a
CCD camera (Andor iXon DV887 - Andor Technology Ltd, UK). At least 10 filaments were
captured in each sample with a frame rate of 10 Hz for 10 s. These filaments were chosen
to be well away from the glass surface and had to lie within the focal plane to enable 2D
tracking. Filament tracking was performed with the freely available ImageJ plugin JFilament
(http://imagej.nih.gov/ij/).
All images of a single filament were summed up and a mean tube backbone was tracked
from this overlay. For the MSD, the filament center was defined as the point at the backbone
with an equal distance to both ends. Its movement was analyzed as a projection on the
tangent vector of the tube backbone at the corresponding position. Our definition of the
filament center is susceptible to fluctuations of the contour length caused by tracking errors
and filament ends moving out of focus. Thus, we compared the MSD of the filament center
to the MSD of the contour length over time divided by 4. Filaments with a non-constant
MSD of the contour length were excluded from analysis. For filaments where both the MSD
of the contour length and the MSD of the filament center are constant and comparably
small, the latter is only an upper bound of the actual filament movement.
Contour Length
The contour length of DX tubes was determined as the median length of more than 100
DX tubes absorbed on a glass surface. The histogram of the contour length of F-actin,
vimentin IF and DX tubes is presented in Fig. S6. The contour length of keratin K8/18
IF was assumed to have the same value as vimentin IF. This assumption is justified by the
observation that keratin and vimentin IF have a very similar length distribution for longer
times despite a faster initial annealing of keratin IF [14].
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The glassy wormlike chain model
The specific GWLC used for this study has been comprehensively described previously
[12, 15, 16]. In general, the GWLC is an extension of the wormlike chain (WLC) for semi-
flexible polymer networks that takes into account the interactions of a test chain with its
environment by stretching the mode relaxation spectrum of the WLC exponentially. Start-
ing with the mode relaxation times of all eigenmodes of (half-) wavelength λn = L/n and
mode number n for a WLC with persistence length lp and the transverse drag coefficient ζ⊥:
τWLCn = ζ⊥/(lpkBTpi4/λ4n + fpi2/λ2n), (2)
the relaxation times of the GWLC are modified according to:
τGWLCn =

τWLCn if λn ≤ Λ
τWLCn eεNn if λn > Λ.
(3)
Here, Nn = λn/Λ−1 is the number of interactions per length λn, L the contour length of the
test filament, Λ the typical distance between two interactions, and f describes a homogeneous
backbone tension accounting for existing pre-stress. ε is the stretching parameter controlling
how strong the modes are slowed down by interactions with the environment. The complex
linear shear modulus in the high frequency regime is then:
G∗(ω) = Λ/(5ξ2χ(ω)), (4)
with the mesh size ξ. χ(ω) is the micro-rheological, linear response function to a point force
at the ends of the GWLC:
χ(ω) = L
4
pi4l2pkBT
∞∑
n=1
1
(n4 + n2f/fE) (1 + iωτGWLCn /2)
. (5)
Here, fE = lpkBTpi2/L2 is the Euler buckling force. f is set to zero for the linear regime.
In the non-linear regime, the differential shear modulus K = dσ/dγ is approximated via
Eq.(4) at a constant frequency as a function of the backbone tension f :
K(f) = |G∗ω|(f), (6)
where f is related to the macroscopic stress σ via f = 5σξ2. The effect of pre-stress on the
stretching parameter is introduced via a linear barrier height reduction:
ε→ ε− fδ/kBT, (7)
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where δ should be interpreted as an effective width of a free energy well. The mean values
of ξ, Λ and ε obtained from fitting the linear regime for each polymer type were used to
replicate the measured curves. δ was used as the only free parameter to effectively shift the
peak of K both in terms of σ and the maximum value Kmax.
An important question is how the other parameters are related to bottom up physical
properties. The contour length L, for example, is naturally a broad distribution instead of
a single value [FIG. 6]. Different shapes and widths of this distribution might influence the
network properties in a way that cannot be captured by a single number.
The mesh size ξ is rather an effective concentration scaling than the actual distance
between neighboring filaments, although it has the right order of magnitude. The pre-factor
in Eq.(4) originates from a purely geometric definition of the mesh. A quantitative matching
of ξ with rheological data has been proven to be difficult for both F-actin and IF [17, 18].
The interaction length Λ is the average contour length between two sticky interactions of
a test polymer. Thus, it is considered as a smeared out version of the entanglement length
Le in the original paper by Kroy and Glaser [15] although the GWLC is fundamentally
different to the picture of a coarse grained tube. A strict identification of both appears to
be too simple and the physical nature of Λ is still a matter of debate. In the tube model,
Le has a simple scaling of the form Le ∝ l1/5p ξ4/5 [19] while more advanced approaches lead
to slightly different exponents [20]. As expected, we cannot observe a systematic scaling of
Λ with either persistence length lp or with mesh size ξ [FIG. S7]. Its consistency for DX
tubes and vimentin and keratin IF might contain some information about polymer specific
interactions while the strong variation of Λ for F-actin is a direct consequence of the sample
to sample variation of the cross-over frequency ωΛ. The final interpretation of the interaction
length Λ remains an important task for future investigations due to its strong influence on
the transition between single polymer and interaction dominated network properties.
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SUPPLEMENTARY FIGURES
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FIG. S 1. Local power law exponent α, loss factor tan(φ) at a frequency f = 1 Hz, and stretching
parameter ε for F-actin, DX tubes, vimentin and keratin IF. Note that α and tan(φ) are only
approximations of the actual rheological properties. Differences of α and tan(φ) are not significant
for F-actin and DX tubes while both polymers behave significantly different to IF. ε combines both
network properties and is significantly different for all four polymers. Each bar is the mean value
of all samples with n ≥ 7. Error bars are the standard deviation of the mean. Significance was
tested with a Kolmogorow-Smirnow-test.
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FIG. S 2. Loss factor tan(φ) versus frequency for F-actin (red), DX tubes (blue), vimentin (green)
and keratin (yellow) IF. Each line is a single measurement. Data has been smoothed with a moving
average for better visibility.
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FIG. S 3. Local power law exponent of G′ ∝ ωα (open symbols) and loss factor tan(φ) = G′′/G′
(solid symbols) versus stretching parameter ε. Each pair of data points represents one sample. The
exponent was obtained from fitting G′ with a power law for frequencies smaller than the cross-over
between G′ and G′′. The loss factor was obtained from fitting tan(φ) locally with a power law
at a frequency of 1 Hz. ε is the result from fitting the complex shear modulus G∗ to Eq.(4) for
each sample. Dashed lines are the numerical results of an exemplary G∗GWLC where all parameters
except ε are fixed to the mean values of the polymer.
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FIG. S 4. Differential shear modulus K rescaled by its value in the linear regime Klin versus strain.
Solid lines are single measurements of F-actin (red), DX tubes (blue) vimentin (green) and keratin
(yellow) IFs samples. Actin and vimentin data reproduced from [12].
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FIG. S 5. MSD of the filament center parallel to the tube rescaled by tube width a versus lag time
τ . Thin lines are single filaments. Thick lines are the median over all presented filaments. Actin
and vimentin data reproduced from [12].
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FIG. S 6. Histogram of the contour length L of F-actin (n = 136), vimentin IF (n = 153) and DX
tubes (n = 345). Actin and vimentin data reproduced from [12].
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FIG. S 7. Interaction length Λ versus mesh size ξ. All values were obtained from fitting the
complex shear modulus G∗ of each sample to the GWLC.
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SUPPLEMENTARY TABLES
linear rheology:
contour length actin L 16µm [12]
contour length DX tubes L 21µm
contour length vimentin L 18µm [12]
contour length keratin L 18µm
contour length GWLC example L 18µm
persistence length actin lp 9 µm [21]
persistence length DX tubes lp 4 µm [9]
persistence length vimentin lp 2 µm [22, 23]
persistence length keratin lp 0.5 µm [18, 24]
persistence length GWLC example lp 4 µm
mesh size GWLC example ξ 0.2 µm
interaction length GWLC example Λ 1 µm
drag coefficient per length ζ⊥ 2 mPa s
non-linear rheology:
characteristic width of a free energy well actin δ 150 nm
characteristic width of a free energy well DX tubes δ 2000 nm
characteristic width of a free energy well vimentin δ 50 nm
characteristic width of a free energy well keratin δ 50 nm
energy difference between the bound and the unbound state U 2.5 kBT
control parameter for filament lengthening S 0.13
distance between bound and unbound state ∆x 200 nm
Table S I. Fixed parameters for the description of the linear rheology and adjusted parameters for
reproducing the non-linear rheology.
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Name Sequence
SE1 CTCAGTGGACAGCCGTTCTGGAGCGTTGGACGAAACT
SE2 GTCTGGTAGAGCACCACTGAGAGGTA
SE3 CCAGAACGGCTGTGGCTAAACAGTAACCGAAGCACCAACGCT
SE3-Cy3 CCAGAACGGCTGTGGCTAAACAGTAACCGAAGCACCAACGCTTT-Cy3
SE4 CAGACAGTTTCGTGGTCATCGTACCT
SE5 CGATGACCTGCTTCGGTTACTGTTTAGCCTGCTCTAC
Table S II. Sequences of the DNA oligonucleotides.
DISCUSSION OF FILAMENT-TO-FILAMENT INTERACTIONS
F-actin has been used as the model system for entangled semiflexible polymers for decades
and exhibits the smallest ε. The main protein interactions are electrostatic forces due to
a negative surface charge resulting in a repulsive potential shielded by ions in the buffer
solution. Larger ion concentrations lead to attractive electrostatic forces causing counterion
cloud condensation. The ion concentrations used for this study, however, are well below
this transition and attractive ion effects can be ruled out [25]. The reason for an ε > 1 are
most likely minor impurities and aging effects that have been shown to cause batch-to-batch
variations of reconstituted F-actin networks [17, 26]. These batch-to-batch variations are
already suggested to be a consequence of very small amounts of cross-links by Morse [17].
A different ε for different batches is further supported by the observation, that different
actin preparations lead to different power law exponents of G′ [26]. In contrast, different
rheometers used for the same preparation change the magnitude, but not the power law
exponent G′.
DX tubes seem to be similar to F-actin in regards to their polyelectrolyte properties. It
would be very interesting to compare the effective electrostatic charge with ε quantitatively.
A calculation of the effective electrostatic charge of DX tubes, however, is non-trivial due to
the cross-over DNA tiles structure, and the relative dielectric constant of the medium that
depends on the unknown effective ion concentration in the buffer [27, 28]. The comparison
of F-actin and double stranded DNA [25] suggests a higher charge density of DX tubes,
which in turn is shielded by a higher Mg2+ concentration in the buffer. Thus, the higher ε
of DX tubes is more likely a consequence of the sub-fraction of stuck filaments. This can be
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explained by mishybridization during the assembly leading to strong filament connections
that are independent of electrostatic interactions.
IF like vimentin and keratin filaments are known to be dominated by hydrophobic in-
teractions [18, 29]. These interactions are stronger for keratin due to electrostatic repulsion
between vimentin IF, which partially mitigates hydrophobic attractions [30]. Keratin IF also
express a tendency to form bundled and even clustered network structures at comparably
low densities [31, 32]. Bundling and clustering, however, should not appear at the protein
concentration and buffer conditions employed [33, 34].
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4 Summary & Conclusion
The overall scope of this thesis is the experimental investigation of semiflexible polymer
structures. The conducted experiments not only reveal new physical mechanisms in
semiflexible polymers, but the obtained results contribute to a better understanding of
the role of semiflexible polymers in cells as well.
In the first presented study [Golde et al., 2013], both entangled and cross-linked F-
actin networks where investigated with microrheology. For this purpose, micrometer
sized fluorescent polystyrene beads where embedded in the networks. Thereby, the
analysis of the thermal motion of the tracer particles revealed a striking light-induced
softening. This effect superimposes even the pronounced differences between entangled
and cross-linked networks. The most probable explanation is photodamage, i.e. the
formation of free radicals due to the fluorescent dye in the beads.
The presented findings have important implications on the overall validity of microrhe-
ology because fluorescent beads were widely used in previous studies with epifluorescent
microscopes [Crocker et al., 2000,Apgar et al., 2000,Valentine et al., 2001], fluorescence
recovery after photobleaching [Schmidt et al., 1989] and fluorescence correlation spec-
troscopy [Qian et al., 1992]. It is of course viable to avoid the light-induced softening
by imaging tracer particles with bright field microscopy. With this method it is possible
to match macrorheological measurements for entangled F-actin networks [Gardel et al.,
2003b].
It is worth noting that the light-induced softening could only be uncovered by de-
veloping a time dependent MSD. The analysis of the established ensemble averaged
MSD simply leads to softer values of the shear modulus that do not reflect the actual
macroscopic network properties. Thus, other studies employing fluorescent beads are
potentially unknowingly affected by the light-induced softening as well.
In the second presented study [Schnauß et al., 2016a], F-actin bundles formed by
depletion forces were manipulated with optical tweezers. Upon stretching with strains
up to 1.75, these bundles contracted back to almost their initial length with maximum
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forces ranging from 0.5 pN to 3.0 pN. Such a contractile behavior was previously only
considered for active systems with molecular motors like myosin. This study is the
first demonstration of bundle contractions due to purely entropic forces together with
the work on microtubules by Hilitski et al. [Hilitski et al., 2015] . Another surprising
finding was that the bundle length decays exponentially with time. This indicates an
overdamped motion in a harmonic potential where the contractile force increases with
strain. Theoretical examination of depletion forces [Asakura and Oosawa, 1954] and
experiments on F-actin pairs [Ward et al., 2015], however, suggest a linear potential with
a constant contractile force. The contradiction could be resolved with a two-dimensional
bundle model and computer simulations. In this model, adding several filaments with
linear pair-potentials leads to an effective potential that is harmonic in the limiting case
of infinite filaments and very close to a harmonic potential already for 4 filaments.
These findings are an important contribution to understanding the potential of soft
matter for self-assembly and self-organization. The motor-free actin bundle contractions
are in that sense very similar to aster formations demonstrated for F-actin [Huber et al.,
2012,Huber et al., 2015] and DNA nanotube solutions [Glaser et al., 2016]. Such star-
like structures were previously believed to emerge only from filament systems actively
driven by molecular motors. Instead, they are the result of entropy maximization that
does not require any ATP-driven elements. This raises the question to what extent
cytoskelelal structures are regulated actively or by purely passive physical principles.
Molecular motors can be switched on and off but entropy is always present. Within the
cytoskeleton, actin bundle structures are certainly regulated by actin binding proteins
(ABP). Since the cell interior is a very crowded environment, depletion-force induced
contractile forces should be present as well.
In the third study [Golde et al., 2018b], the macrorheological properties of composite
networks of actin and intermediate filaments were investigated. In contrast to a previous
study by Esue et al. [Esue et al., 2006], the mesh size of the networks was held con-
stant to increase the comparability for different mixtures. The mesh size was calculated
from geometrical considerations and determined experimentally via embedded fluores-
cent tracer filaments. Surprisingly, composite networks revealed no emergent behavior
but could be explained with a superposition of two independent sub-networks without
direct interactions. The observed phenomenology was further captured with the GWLC
in both the linear and non-linear deformation regime. The resulting identification that
vimentin filaments are "stickier" than F-actin was additionally supported by the tracer
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filament behavior.
One motivation of the fourth study [Golde et al., 2018a] was to test if the agreement
of actin and vimentin filament network properties with the GWLC is only a coinci-
dence or represents an overlooked feature of semiflexible polymer networks in general.
For this purpose, actin and vimentin filament networks were analyzed in more detail
and the investigation was expanded to keratin IF and DX tube networks. The results
revealed that semiflexible polymers can be systematically distinguished via a polymer
specific stickiness. The stickiness of IF was shown to be more than twice as large as
the stickiness of F-actin and DX tubes. The GWLC was used to sort macrorhelogical
network properties in the linear regime in regard to the stickiness, thereby resembling
a master curve. The results from analyzing the macrorheological measurements in the
linear regime with the GWLC are consistent with the network behavior in the non-linear
regime and the observations of the fluorescently labeled tracer filaments.
Only keratin IF show some deviation among the conducted investigations. The non-
linear properties cannot be captured by the GWLC and are better described by a triangu-
lar lattice model for physiologically cross-linked networks [P. Broedersz and C. MacK-
intosh, 2011]. This comparison, however, is in accordance with the observation that
keratin IF have the smallest persistence length and the strongest stickiness among the
examined polymers. Thus, the non-linear properties of keratin IF do not contradict the
GWLC but represent some kind of limiting case for the validity of the GWLC in the
non-linear regime.
The reported influence of a polymer specific stickiness on rheological properties has
major implications for our understanding of semiflexible polymer networks. Putting the
emphasis on the stickiness allows for the first time to quantitatively compare biological
and synthetic polymers that used to be described by different polymer models. This
puts the validity of the assumptions in these formerly employed models into question.
With all the presented results, one can now try to answer the questions raised in the
beginning of this thesis.
• Is a reduction of a real semiflexible polymer to a filament with a certain persistence
length sufficient for describing semiflexible polymers on a network level?
There is a reason the established network models have been used to analyze semiflexible
polymer networks for decades [Huber et al., 2013]. Numerous studies show both the
tube and the affine model predict the correct scaling of the elastic plateau modulus G0
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with monomer concentration for homogenous semiflexible polymer networks [Isambert
and Maggs, 1996,Morse, 1998b,Hinner et al., 1998]. It is also very elegant to coarse-
grain networks to the most fundamental length scales such as the tube width in the
tube model and average distance between cross-links in the affine model [MacKintosh
et al., 1995]. However, one of the most central model predictions, the scaling of G0 with
persistence length, has not been verified for the affine model and seems to be wrong for
the tube model (see [Schuldt et al., 2016, Tassieri, 2017]). In this thesis, it has been
further demonstrated that the elastic plateau of G′ is in fact not a plateau but resembles
a weak power law. Both the power law and the relation of elastic and viscous shear
modulus in form of the loss factor can be quantitatively captured with the GWLC. Here,
the stretching parameter  seems to be a more meaningful quantity for characterizing
rheological network properties than the simple G0. Introducing the stretching parameter
as a polymer specific stickiness can explain rheological features that cannot be captured
by ignoring specific filament interactions in coarse-grained approaches.
The presented examinations suggest there are no purely entangled semiflexible biopoly-
mer networks in reality. This conclusion seems plausible since biopolymers are relatively
complex multi-molecular assemblies, which makes it likely that errors such as misfold-
ings and hydrophobic loops [Feng et al., 1997] occur on a purely stochastic basis. Thus,
stickiness should generally not be ignored in semiflexible polymer models.
• Can the persistence length explain the different roles of semiflexible polymers in
cells?
The large persistence length of semiflexible polymers in comparison to flexible polymers
is crucial for their biological function because they can provide structural integrity at
a much lower density. The large persistence length of the rigid MT is important, e.g.,
for their role in intracellular transport, during the formation of the mitotic spindle,
and other cellular processes. On the network level, embedding few MT into F-actin
networks drastically modifies the properties [Pelletier et al., 2009,Lin et al., 2011]. When
comparing only polymers in the semiflexible regime, the differences due to the persistence
length become less clear.
In the established network models, the persistence length affects the stiffness very
weakly for entangled networks (G0 ∝ l−1/5P in the tube model) and is more important
for cross-linked networks (G0 ∝ l7/5P in the affine model). Experimentally, it was shown
for supposedly entangled networks that the stiffness scales linearly with the persistence
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length [Schuldt et al., 2016]. In cells, the persistence length of semiflexible polymers
varies by roughly one order of magnitude, which limits the potential for varying the
properties.
In contrast to this, introducing cross-linking proteins can increase the network stiff-
ness by orders of magnitude [Gardel et al., 2004]. In this thesis, it is shown that dif-
ferences between F-actin, DX tubes, vimentin, and keratin IF are better captured by
sticky interactions than by persistence length. Unfortunately, the GWLC does not en-
able predictions of the scaling behavior. Nevertheless, the proposed stickiness has the
potential to better understand different roles of different biopolymers in general. For
example, collagen fibers and F-actin have roughly the same persistence length of around
9 µm [Isambert et al., 1995,Sivakumar and Agarwal, 2010], but drastically different net-
work properties [Sharma et al., 2016,Kurniawan et al., 2016]. The reason for that are
several inherent attractive interactions in collagen networks like disulfide bonds and lysyl
mediated cross-links [Ricard-Blum, 2010]. Other studies highlight the importance of at-
tractive interactions in semiflexible polymer networks such as hydrophobic interactions
in α-synuclein fibril networks [Semerdzhiev et al., 2018].
The persistence length of IF is roughly one tenth of the persistence length of F-actin.
However, the pronounced strain stiffening of IF networks is rather governed by strong
hydrophobic interactions than by a higher flexibility. These sticky interactions together
with the extensibility of single filaments might be crucial for the ability of IF to act as
a cellular "safety belt" [Kreplak et al., 2005].
From all these observations, it is reasonable to conclude that the stickiness proposed
in this thesis is more important for the role of semiflexible polymers than the persistence
length.
• What can we learn from relatively simple in vitro experiments about the mecha-
nisms in living cells?
The results presented in this thesis have several important implications for understanding
the mechanisms in living cells. As discussed before, the entropic contraction forces in
bundles should be also present in cellular structures since they are inherently crowded
entities. Cells are of course able to modify the properties of their cytoskeletal sub-
structures with numerous motor and binding proteins. Here, sticky interactions resemble
an additional feature that cannot be simply switched off and has to be accounted for.
The larger stickiness of keratin in comparison to vimentin implicates that cells need more
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energy to actively deform keratin structures. This might be a reason why it is favorable
for motile mesenchymal cells to employ vimentin instead of keratin as in static epithilal
cells.
The additive nature of composite actin and vimentin filament networks further sug-
gests that cells can employ vimentin without disturbing the actin structures necessary
for motility. At the same time the underlying vimentin filament network is able to
provide strength against large deformations, i.e. to function as a cellular "safety belt".
In conclusion, the presented thesis shows it is necessary to rethink and reexamine
even established methods, theoretical models, and experimental systems to reach a
deeper understanding of the physics of semiflexible polymers. The employed experi-
mental methods are no fundamental new developments. Macrorheology [Mueller et al.,
1991], microrheology [Mason and Weitz, 1995], filament tracking [Käs et al., 1994] and
optical tweezers [Ashkin, 1970] have been used for decades to investigate semiflexible
polymers. Nevertheless, these methods can be used and improved to uncover new phys-
ical principles in semiflexible polymers.
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All presented studies show comparably simple experimental systems concerning semi-
flexible polymers are still not fully understood and require further experimental and
theoretical investigations to uncover underlying physical principles. Microrheology does
not necessarily reflect the macro-rheological behavior and can yield misleading results.
F-actin bundles can contract upon stretching without any molecular motors and reveal
emergent properties that were not expected from two-filament interactions. Composite
networks of actin and intermediate filaments can be, in contrast to previous studies, de-
scribed as a superposition in both the linear and non-linear deformation regime without
more than steric interactions. The rheological properties of supposedly entangled semi-
flexible polymer networks are strongly influenced by a polymer specific stickiness that is
not included in the predominant theoretical polymer models. The question is now, how
these findings can be used to further elucidate the physics of semiflexible polymers and
eventually cells.
The presented light-induced softening caused by fluorescent beads does not seem to
play a role in living cells. This is reasonable because cells are very well equipped for
preventing and repairing photodamage in order to protect the information stored in
the DNA. The bigger problem is the discrepancy between micrological behavior and
macrological properties. The thermal motion of embedded beads in living cells in the
intermediate frequency regime between 0.1 Hz and 100 Hz is strongly affected by active
processes [Mizuno et al., 2007]. This far from equilibrium situation hinders conclusions
from the bead motion for mechanical properties. An elegant solution is the examina-
tion of higher frequencies. The transition between actively affected and truly passive
bead motion can be determined with the help of the fluctuation-dissipation theorem
by looking at the imaginary response function of the tracer particle [Mizuno et al.,
2007, Turlier et al., 2016]. These high frequencies above 100 Hz enable further inves-
tigations with other micro-rheological techniques like active microrheology in F-actin
networks [Waigh, 2016]and on blood cell membranes [Turlier et al., 2016], or high-speed
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AFM microrheology on cancer cell lines [Rigato et al., 2017].
This work-around, however, does not explain the drastic differences between the micro-
rheological and macro-rheological behavior observed in passive IF networks, for exam-
ple [Leitner et al., 2012, Pawelzyk et al., 2013]. A basic assumption of microrheology
is that the thermal motion of the beads directly reflects the thermal motion of the
surrounding filaments [Mason and Weitz, 1995]. The presented publications show that
filament interactions and consequently filament motions are modified by stickiness in
contrast to the basic assumed entangled state. Incorporating filament stickiness into
microrheological models could potentially resolve the discussed discrepancies and in-
crease the informative value of this method. One possibility is to analyze the ensemble
averaged MSD directly with the GWLC as presented by Vincent et al. [Vincent et al.,
2013]. The group of Prof. Kay-Eberhard Gottschalk at Ulm University currently works
on analyzing microrheological data with the GWLC in living cells, for example. It will
be very interesting to compare these in vivo results with the in vitro results presented
in this thesis.
It should be noted that the GWLC is not necessarily the best model for implementing
sticky interactions. The group of Prof. Klaus Kroy at the Leipzig University works on
(unfortunately still unpublished) models where the interaction potential between fila-
ments is directly calculated and not simplified by a single parameter. Such an approach
could lead to a deeper understanding of how molecular details affect sticky interactions.
This could facilitate an analysis of not only the strength but also the type of filament
interactions.
Nevertheless, the GWLC, in its presented form, is already a powerful tool for the
examination of semiflexible polymer networks. For example, the recently observed hy-
drophobic interactions in α-synuclein fibril networks appear very similar to the stickiness
effects presented in this thesis [Semerdzhiev et al., 2018]. An analysis of such experimen-
tal systems with the GWLC might help to further understand the various interactions
in semiflexible polymer networks.
It is not clear if stickiness can be included into the tube model to capture the pre-
sented rheological results since sticky interactions negate the ability to deduce network
properties from a coarse grained tube. Recent computer simulations by Lang and Frey
draw a picture of semiflexible polymer networks as a many body problem that is more
complicated than suggested by the tube model [Lang and Frey, 2018]. These simulations
also put filament reptation as a main relaxation mode within networks into question.
94
An answer about if and how these different models are able to explain the physics of
semiflexible polymers can only be obtained by testing model predictions experimentally.
One reason for the predominance of the tube model is that microscopic features like the
confinement of a single filament to a tube like region have been verified both experimen-
tally and in simulations [Käs et al., 1994,Hinsch et al., 2007]. Some relatively simple
features like the dependence of the tube width on the persistence length, however, have
never been systematically tested. The results for actin and vimentin presented in this
thesis seem to be in accordance with the microscopic tube model. A robust experimental
verification with more than two different persistence lengths has yet to be performed.
A general challenge for testing model predictions by comparing biopolymers is that
they differ not only in respect to their persistence length but also have varying filament
interactions, polymerization dynamics, length distributions etc. These experimental
limitations can be bypassed by using synthetic semiflexible polymers like the DX tubes
presented in this thesis. Other designs of DNA based tubes even allow a systematic
tuning of the persistence length by changing only the tube diameter [Schiffels et al., 2013,
Schuldt et al., 2016]. In addition to measuring network properties as demonstrated by
Schuldt et al., these tubes can be used as tunable tracer filaments in biopolymer networks
without apparent adhesive interactions. With this approach it might be possible to
verify or falsify the microscopic predictions of the analytical tube model and computer
simulations.
DNA nanotechnology is not only limited to entangled semiflexible polymer networks.
DNA tubes can be used as tracer filaments in cross-linked biopolymer networks to probe
their micro-environment as well. First experiments in our group at Leipzig University
on F-actin networks cross-linked with α-actinin are very promising. Besides designing
different tubes, DNA can also be used to construct synthetic biopolymer cross-linker as
demonstrated by Lorenz et al. [Lorenz et al., 2018]. This enables the investigation of the
equally important physics of cross-linked networks with very reliable and reproducible
experimental systems.
While synthetic polymers and cross-linkers can increase our understanding of poly-
mer physics in general, it is still necessary to further investigate the biological relevant
polymer structures in order to uncover the physical mechanisms in living cells. The next
steps after the examination of composite actin and vimentin filament networks are com-
posite actin and keratin filament networks, as well as composite vimentin and keratin
filament networks. Composite actin and keratin filament networks have been observed
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recently in vitro by Deek et al. [Deek et al., 2018]. These qualitative experiments already
show very interesting dynamics where the presence of F-actin hinders the collapse of the
keratin filament networks into bundled and clustered structures. Here, a quantitative
mechanical characterization might help to shed new light on the different roles of keratin
and vimentin in EMT.
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Semiflexible polymers play a central role
in biological systems as major building
blocks of intracellular scaffolds and extracel-
lular matrices. In order to achieve an under-
standing of the physical properties of cells,
one has to understand the physical proper-
ties of the cytoskeleton and its components.
Among the most abundant semiflexible cy-
toskeletal biopolymers are filamentous actin
(F-actin) and intermediate filaments (IF).
Network and bundle structures formed by
these polymers exhibit unique properties,
which cannot be easily deduced from the
well-established theoretical frameworks for
linear flexible polymers or rigid rods [1].
The overall goal of the presented thesis
is the experimental investigation of the in-
fluence of collective effects on the physical
properties of semiflexible polymer structures.
There are many open questions even for rel-
atively simple in vitro systems. Polymer
bundles show collective effects not easily de-
duced from the properties of single filaments
or filament pairs [3]. Composite networks of
different biopolymers show emergent effects
not explained by the properties of the under-
lying substructures [4]. Even pure networks
of only one type of semiflexible polymers
are still not completely understood. Mi-
crorheology, a technique based on observing
the thermal motion of tracer particles em-
bedded in a polymer network in order to
deduce its mechanical properties, can lead
to drastically different results in comparison
to macroscopic shear rheology. In princi-
ple, both methods should measure the same
quantities [2].
There are established models which have
been used to describe semiflexible polymer
networks for decades, but central predic-
tions of these models have either never been
tested experimentally, or the resulting stud-
ies seem to contradict basic assumptions of
established theories [5, 6].
In the presented thesis, optical tweezers
measurements on depletion-induced multifil-
ament actin bundles reveal contractile forces
up to 3 pN upon bundle extension. In con-
trast to an expected linear energy potential,
these forces display a harmonic potential and
decay exponentially. The observed dynamics
are explained through an analytical model
as an emergent, collective phenomenon stem-
ming from the additive, pairwise interactions
of filaments within a bundle. These findings
represent a fundamental physical interaction
demonstrated by molecular crowding effects
which cannot be switched off, even in active
systems such as cells.
On the network level, microrheological
1
measurements on F-actin gels reveal a strik-
ing light-induced softening caused by the
illumination of fluorescent beads with their
appropriate excitation wavelength. It ex-
ceeds even the well-studied differences be-
tween entangled and cross-linked networks.
This impairs results when studying the mi-
crorheology of biopolymer networks and can
cause large discrepancies between micro- and
macro-rheological measurements.
For composite networks reconstituted
from actin and vimentin, it is shown that
they can be described by a superposition
of two non-interacting scaffolds. Arising ef-
fects are demonstrated in a scale-spanning
frame connecting single filament dynamics
to macro-rheological network properties and
are captured within an inelastic glassy worm-
like chain model. This paves the way to
predict the mechanics of the cytoskeleton
based on the properties of its single struc-
tural components.
Further investigations on networks assem-
bled from F-actin, IF and synthetic DNA
nanotubes show bulk properties are affected
by various inter-filament interactions. It
is proposed that these interactions can be
merged into a single parameter in the frame
of the glassy wormlike chain model. The
interpretation of this parameter as a poly-
mer specific stickiness is consistent with ob-
servations from macro-rheological measure-
ments and reptation behavior. These finding
demonstrate that stickiness should generally
not be ignored in semiflexible polymer mod-
els.
In summary, the conducted experiments
not only reveal new physical mechanisms
in semiflexible polymers, but the obtained
results contribute to a better understanding
of the role of semiflexible polymers in cells
as well. Including stickiness as a universal
feature in semiflexible polymers means a
paradigm shift in classical polymer physics,
allowing to unify systems which, to date,
were treated strictly as purely entangled or
chemically cross-linked.
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